Theoretical calculations and computer simulation of the surface diffusion of Fe2+ and S2- adatoms above the surface of pyrite (FeS2) and their incorporation into the FeS2 crystal lattice by TKALICH ALEKSEY
THEORETICAL CALCULATIONS  
AND COMPUTER SIMULATION OF THE SURFACE 
DIFFUSION OF Fe2+ AND S2- ADATOMS ABOVE THE 
SURFACE OF PYRITE (FeS2) AND THEIR 






















A THESIS SUBMITTED FOR  
 
THE DEGREE OF MASTER OF SCIENCE 
 
DEPARTMENT OF MATERIALS SCIENCE 
 





I would like to thank Dr. Igor Yu. Goliney for his valuable help, advice, guidance and 
provided crystal structure visualisation software [37]; to Professor Michael R. Philpott for his 
guidance, support, discussions and materials provided for me during my work; to staff and 
students of Material Science Department of NUS for warm and friendly atmosphere.   
 i














 List of Tables. 
 
vi
 List of Figures. 
 
vii






2. Theory of Origins of life review (Review of the major theories). 
 
3
2.1. Early Origin of Life theories and their development.  
 
3
2.1.1 Oparin, Haldane and Bernal theories. 
 
4
2.1.2 Miller and Urey experiment. 
 
5
2.1.3 RNA world theory. 
 
7
2.2 Life on minerals. 
 
10
2.2.1 Theory of Cairns-Smith. 
 
10
2.2.2 Theory of  J.V. Smith. 
 
12
2.3 Hydrothermal Vents. 
 
13
2.4 The Iron – Sulphur World.  
 
14
2.4.1 Wächterhäuser’s ideas about the origins of life on pyrite. 
 
15
2.4.2 Theory of Russell. 
 
18
3. Iron sulphides, composition, structure, growth. 
 
26
3.1 De Leeuw model of pyrite. 
 
29
3.2 Rosso model of pyrite. 
 
31
4. Theory of the surface diffusion.  
 
35
5. Proposed model of the adatom diffusion above the surface of FeS2. 
 
37
5.1 Diffusion activation energies for Fe and S adatoms {100} lattice and 
steps. 
40
5.2 Calculation and fitting of the parameters for the Buckingham potential 43
 ii
equation for Fe – S interaction. 
5.3 Calculation and fitting of the parameters for the Buckingham potential 
equation for S – S interaction. 
 
48
5.4 Results of the diffusion activation energy calculations for Fe and S 
adatoms {100} lattice and steps. 
 
51
5.5 Adatoms adsorbed at the steps as surface defects. 
 
61
6. Conclusion on pyrite growth mechanisms, diffusion activation energy, 
diffusion path and their dependency on surface defects. 
 
74











Fe adatoms adhere to the surface better than S adatoms but diffuse slower. The 
diffusion coefficient calculations for Fe adatom show that Fe adatom has lower diffusion 
coefficient (D= 8.24999x10  cm /s for the case of diffusion along Y axis, and D= 
1.49606x10 cm /s for the case of the diffusion along X axis) compared to the S adatom (D= 
6.31368x10  cm /s for the case of diffusion along Y axis, and D= 1.90995x10  cm /s for the 
case of the diffusion along X axis). This means that Fe adatom are easily adsorbed by the 
pyrite surface but will diffuse slowly compared to the S adatom, for which the equilibrium 
potential point is higher (-0.308 eV compared to -0.959 eV of iron) and diffusion activation 
energy is much lower (0.074 eV along Y axis compared 0.244 eV for the iron adatom). 
However, diffusion coefficients show that diffusion above the surface of FeS  is rather 
anisotropic for both adatoms. Diffusion activation energy for an Fe adatom along Y axis 
(0.244 eV) is not much smaller than the diffusion activation energy for S adatom (0.258 eV) 
along X axis which suggests that Fe adatom absorbed by pyrite surface remains stable in its 
equilibrium position or moves along the most probable diffusion path (along Y axis) while S 
adatom is more likely to desorb. Physically this means that during the growth of the pyrite 
crystals Fe is likely to adhere to  the surface first creating a possibility for S adsorption. S 
atoms or ions tend to bind to the surface very weakly and remain very mobile.   
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Anisotropy of the diffusion. The diffusion path of Fe  and S  adatoms is along Y axis 
and does not contradict the theoretical assumptions about possible surface diffusion path 
along the ridges that are formed by S atoms of crystal lattice.  
2+ 2-
The diffusion is a surface diffusion. The potential profiles suggest that diffusion of the 
adatoms above the surface of pyrite is a surface diffusion.   
Steps provide deeper potential wells for adatoms. The equilibrium position energies at 
steps suggest that steps attract adatoms more than the surface. Fe adatoms have lower 
equilibrium position potential compared to S adatoms.  
 iv
Different approach rates for different kinds of steps. Some steps attract adatoms more 
than others. Steps 1 and 2 which are parallel to the main diffusion path along the ridge are 
likely to grow slower than the Steps 3 and 4.  
The growth of the pyrite could be the energy source for the fixation and 
polymerisation of CO  on its surface. The growth of FeS  crystal is possible without 
consumption the energy from outside. The adatoms are adsorbed by the surface easily that 
suggests that the chemical reaction between adatoms and surface atomas can be exergonic. 
The polymerisation of the CO  could trigger an autocatalytic metabolism which initially will 
be confined into two-dimensional monomolecular level. This process according to 
Wächterhäuser [14, 15] could lead to the development of the first chemoautotrophic living 
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CHAPTER 1. INTRODUCTION 
 
The current thesis addresses the surface diffusion of Fe2+ and S2- adatoms above the 
surface of pyrite (FeS2) and their incorporation into the FeS2 crystal lattice as a part of origins 
of life problem.  
Recent theories of origins of life suggest that life could have appeared on the surface of 
iron sulphides [13-15, 17-21]. Some of these theories suggest that the free energy liberated in 
the growth of the iron sulphide crystals could be utilized in the prebiotic chemical synthesis of 
complex organic molecules. Development of such complex organic molecules could give start 
to the appearance of the first living organism 4 billion years ago. In the framework of these 
theories iron sulphides including pyrite serves both as the source of the chemical energy and 
catalyst for the chemical reactions. On the other hand, organics plays the role in the catalysis 
of the surface growth of the crystals.  
Kinetics of the growth of the iron sulphides is an important constituent of the theories. The 
growth is a complex process that includes multiple steps among which the transport of the 
iron and sulphur ions to the reaction sites. The mobility of the ions is one of the factors on 
which the plausibility of the theory could be judged.  
Thus, the study of the diffusion and incorporation of the adatoms into the crystal structure 
of the pyrite is vitally important for the Iron-Sulphur World hypothesis of origins of life [13-
15, 17-21].  
The problem of the origins of life itself is partly a Materials Science problem. It fits the 
definition of the Materials Science, given by Professor Adrian Sutton of the University of 
Oxford [22]. 
Sutton wrote: “What constitutes the science of materials? Perhaps the simplest way to 
answer this question is to look at what materials scientists do. First, they determine the 
structure of materials. Second, they measure properties of materials. Third, they devise ways 
of processing materials, i.e. creating materials, transforming existing materials, and making 
useful things out of them. Fourth, they think about how a material is suited to the purpose it 
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serves already, and how it may be enhanced to give better performance for particular 
applications.” [22] 
Each of these four activities is intellectually challenging and there are many materials 
scientists who are fully stretched not being engaged in more than one or two of them. But 
what makes materials science especially interesting and rewarding is the fact that these four 
activities are very dependent on each other. Indeed, this is what elevates the status of 
materials science to a discipline in its own right, apart from but drawing on chemistry, 
physics, engineering, biology, earth sciences and mathematics.  
When dealing with the problem of the emergence of life, we determine the properties of 
the materials involved in the Iron-Sulphur World hypothesis, the iron sulphide minerals, 
analyse their structure, explore the ways of the transformation of the prebiotic organic 
molecules absorbed on the rocks to the first living cells. 
This thesis introduces a new model of the kinetics of the transport of different chemical 
species on the surface of the pyrite that could be useful for the understanding of the behaviour 
and growth of the pyrite crystals. It is also important for better understanding of the physical, 
chemical and geological processes that might have led to the appearance of the first 
precursors of biological life.  
This study was conducted as a part of the research on the origins of life by the group lead 
by Professor Michael R. Philpot. In pursuing this study I have worked under supervision of 




CHAPTER 2. THEORY OF ORIGINS OF LIFE REVIEW. 
 
There are number of theories purporting to explain the origins of life. So far, none gives a 
satisfactory explanation. One of the most interesting and promising theories is the Iron – 
Sulphur World hypothesis [15], which is chosen as the basic theory for this study. However, it 
is interesting to give a brief review of some other theories. Below, the history of the scientific 
thought on this important subject will be outlined.  
For a scientist aspiring to determine what can be considered the “living organism” or what 
would comprise the comprehensive theory of the origins of life, the first important and 
difficult issue is even the definition of what is “life” or “living”.   
It is agreed more or less that the living organism has three basic functions: replication, 
metabolism and mutation.  Metabolism is necessary to sustain replication of the living matter, 
while replication causes metabolism to appear. Mutation is necessary for the evolution and 
makes the adaptation of the living organism possible. The order of the appearance of 
replication, mutation and metabolism is not known yet, as well as whether they appeared 
during the same process or separately.  
Each complete origins of life hypothesis should cover few basic problems, starting from 
the conditions on the prebiotic Earth four billion years ago when life evidently emerged, then 
the structure and interactions of the first “chemical machines”, nuclei of the emerging life, 
their metabolism and replication and finally appearance of the first cell organisms or first 
known living organism. Most modern theories of origins of life try to approach all these 
problems. 
 
2.1 Early origin of life theories 
 
Besides pan-spermia (the appearance of life on Earth from the outer space) theories, 
religion-based and (or) creationists concepts there were other early theories of origins of life 
that are still popular nowadays. 
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Developing the theory of evolution Charles Darwin [23] formulated the idea of the origin 
of the first living organisms in very vague terms, referring to a warm pond in which the first 
bacteria were born.    
Oparin (1924) and Haldane (1929) [1, 2, 3, 4, 16] further popularised and developed the 
idea of a "primeval soup". Oparin's primeval soup was a concentration of organics in natural 
solutions such as the oceans, lakes, rivers or even small puddles of water on the land surface. 
The high concentration of dissolved organic compounds was required in order to satisfy the 
mass balance requirements of the large organic molecules characteristic of life.  
However, the concept of the "primeval soup" was demonstrated to be untenable by Sillen  
in 1965 [36]. He showed that the development of such concentrations of dissolved organics in 
natural systems was thermodynamically impossible. 
 
2.1.1 Oparin, Haldane and Bernal theories. (1920 -30s) 
 
Oparin’s and Haldane’s Origins of life theories appeared independently but almost 
simultaneously. The main emphasis in these theories are made on the origin of metabolism. 
Oparin speculated that the organic molecules in the conditions of the primeval Earth formed 
small coacervates that could grow and divide by absorbing the organic matter from the 
primeval soup. By that time the growth and development of the complex coacervates were 
demonstrated experimentally. Oparin suggested that the competition might have lead to the 
transformation of the coacervates into the first cells.  
Both Oparin and Haldane proposed that life formed in a series of steps from non-organic 
matter. Oparin suggested the spontaneous appearance of coacervates followed by evolution to 
cell-like state as the main step in the development of cells, while Haldane made a contribution 
into the answer to the question of the appearance of the increasingly complex organic 
molecules by assuming their synthesis from CO2 and ammonia in the presence of intense 
ultraviolet light of the oxygen free primeval Earth atmosphere. 
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Oparin and Haldane differed in their assumptions about the chemical composition of the 
Earth atmosphere. Oparin assumed atmosphere composed of methane, ammonia, hydrogen 
and water vapour while Haldane assumed carbon dioxide, ammonia and water vapour. In both 
theories atmosphere was reducing. 
Later this theory became known as the theory of the prebiotic (chemical) evolution. Better 
and bigger droplets (molecules) led to the organization in time and space, growth and 
reproduction. “Cells” (coacervates) appeared first, followed by enzymes. 
The Oparin-Haldane theory was supported by other prominent scientists of that time, for 
example, by J.D. Bernal. However, in 1930s Bernal converted to the idea that organic matter 
was brought from outer space or was created due to space collisions or meteorites impact. 
Another significant Bernal’s assumption that found development in modern theories was that 
the minerals could serve as the incubators for the prebiotic life. 
Oparin’s and Haldane’s theory led to the first experiment modelling prebiotic chemistry. 
 
2.1.2 Miller and Urey experiment. (1953) 
 
Oparin suggested that a number of chemicals interacting with the environment could 
create the building blocks of life. It was left to graduate student Stanley Miller and Professor 
Harold Urey to simulate these hypothetical interactions. The early Earth had a chaotic 
environment with energetic processes, including lightning, volcanic heat and intense 
radiation. To simulate these conditions in the laboratory, Miller and Urey used a spark-
discharging apparatus. They provided suggested early atmosphere gases: methane, hydrogen, 
ammonia, water and exposed them to the high-energy spark discharges similar to the 
atmospheric. In their experiment water was evaporated in one part of the apparatus and 
condensed in another mimicking the water cycle in nature.  
Running the cycle for several days Miller observed that upon condensation, water changed 
colour, and a tar-like substance formed in the flask. Miller examined the water solution and 
found several different amino acids, the building blocks of proteins. These results generated 
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great excitement among biologists, and this experiment was repeated many times with 




Figure 1. The apparatus that Miller and Urey used to simulate the early stages of life on 
earth. 
 
Miller's and other similar experiments contributed experimental evidence to the concept of 
a "primordial soup", a situation where amino acids were gathered and combined to form more 
complex molecules in an ocean. However, the development of life from the soup encountered 
numerous obstacles. The concentration of organic matter in the oceans had to be very high to 
make the reactions between them frequent; moreover formation of even simple proteins from 
the amino acids requires perfect sequences difficult to obtain in the stochastic manner. If the 
primordial soup did occur then there had to be many combinations of amino acids to ensure 
that even a fraction of these molecules would combine "properly". Given the heavy odds 
against the formation of amino acids, the chances of protein formation seem very low. To 
account for this, Oparin and others argued that the tendency of matter to self-organize would 
be sufficient to guide the formation of organic matter. 
Miller's experiment explained the formation of amino acids. The formation of proteins 
from these amino acids has not been successfully reproduced in the laboratory. It is necessary 
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to note that the modern point of view on the atmosphere of the early Earth suggest that it was 
rather neutral than reducing undermining one of the main assumptions of Miller experiment.  
The Oparin-Haldane theory has a number of geochemical, biological and probabilistic 
limitations and remains a speculation. However it was the first true scientific theory of origins 
of life.  
 
2.1.3 RNA world theory. 
 
In 1979 Manfred Eigen in book “The Hypercycle: A principle of natural self-organization” 
[38] introduced a new theory of origins of life based on their vision of Oparin’s theory. In 
1986 Walter Gilbert coined a term "The RNA World" for the theory. In 1988 Joyce [39] 
further expanded this hypothesis.  
Many scientists have accepted this theory as the most satisfactory explanation for the 
origin of life. According to this theory, RNA rather than proteins promoted the reactions 
required for life with the help of metals, pyridines, amino acids and other small-molecule 
cofactors. Later, these RNA molecules developed various abilities to synthesize coded poly-
peptides that served as more sophisticated cofactors. Eventually, RNA was replaced by DNA 
as the genetic polymer, and by proteins as the prominent biocatalysts. 
In modern time it has been discovered that RNA can store information and even act as a 
template for synthesis of a copy of itself, but cannot alone carry out the synthesis, for which 
proteins (enzymes) are needed. Proteins, on the other hand, act as catalysts for the synthesis 
of new RNA as well as for new proteins, but cannot act as templates [43]. Joyce’s idea of the 
RNA as the first building block for life came from the experimental evidence that under 
certain conditions RNA can in principle play the role of a catalyst.   
Joyce's paper was primarily about how one could form the first replicating RNA molecule 
or system. In his paper life is defined as a self-sustained chemical system capable of 
undergoing Darwinian evolution. In other words, once one can get a self- replicating system 
that undergoes mutation, then life could appear. 
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Darwinian evolution, according to Joyce, is a three step process: 
• Amplification (creation of phenotype)  
 
• Diversification (mutation)  
 
• Selection process. 
 
It is difficult to imagine evolution beginning with a set of autocatalytic RNA molecules. 
Rather, it is more convenient to point out that the first self-replicating RNA molecules might 
have been preceded in evolution by another population of molecules which possessed the 
same kind of base-pairing possibilities as RNA, but built up around a simpler structural unit 
than ribose [39]. 
The reason behind this is the difficulty of synthesis of nucleic acid as well as the ribose 
molecule itself. However, it was found that all carbohydrates can be made or synthesized by 
reacting formaldehyde with itself via a base catalysed reaction called an “aldol condensation”. 
Such reactions are represented by the following formulae: 
 
nCH2O -> CnH2nOn  (1) 
 
Still, in an era without enzymes, the complexity with which the nucleosides are synthesized 
makes RNA synthesis somewhat difficult. One of the problems the RNA theory encounters is 
the explanation of the asymmetry in the chirality of sugars, proteins and RNA in modern 
world. The theory fails to explain the origin of this asymmetry.  
On a closer examination, glycerolbisphosphate has shown to react on a poly (C) template 
to form long pyrophosphate-linked chains. The prochiral nature (lacks chiral activity) of this 
monomer, and the flexibility of its backbone suggest it could easy carry out template-directed 
oligomerisations without facing the chirality problem [43]. However the problem still resides 
in low catalytic activity in this type of oligomerisation. 
RNA World hypothesis states that at the beginning of life there were only RNA molecules 
with a catalytic capacity, usually referred to as “Ribozymes”, and that proteins appeared much 
later. The discovery of the catalytic capacity of RNA [42] made the inference of the RNA 
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World more feasible. These ribozymes can catalyze the synthesis of a new RNA molecule, 
using a template RNA and a precursor [42], thus rationalizing the un-necessity of the 
existence of proteins or enzymes at the beginning. Despite the wide range of reactions 
performed by those different ribozymes, still the sophistication needed for RNA World 
hypothesis is not met. RNA molecules could evolve by self-splicing and mutation to explore 
new functions and to adapt to new environment. Moreover, RNA molecules, along with RNA 
cofactors such as: nicotinamide adenine dinucleotide and flavin mononucleotide, combine to 
encompass a wide range of enzymatic activities. 
In summary, the unanticipated discovery of ribozymes initiated the hypothesis of the role 
of RNA in the origins of life. This has led to the belief of an “RNA World” which has 
preceded any other form of life.  
Joyce outlined the three basic assumptions of the RNA World hypothesis:  
• “At some time in evolution of life, genetic continuity was assured by the replication 
of RNA;  
 
• Watson-Crick base-pairing was the key to replication;  
 
• genetically encoded proteins were not involved as catalysts”.  
 
Despite the more versatile catalysis nature of proteins that replaced RNA as the catalysts, the 
conversion from RNA world to modern DNA world is not considered complete. RNA retains 
a central role in protein synthesis.  
The RNA World theme is still under construction. The discovery of new RNA activities 
will hopefully attract attention to this model. Yet in the mean time, scientists advocating the 
RNA world are doubtful that the life began with RNA itself. Instead, they assume that the life 
began with an RNA-like polymer, yet to be identified, that possessed the catalytic and 
templating features of RNA but lacked RNA’s undesirable traits. The era of this RNA-like 
polymer is the “pre-RNA world”, which presumably gave rise to the RNA world in a manner 
similar to that in which the RNA world gave rise to the protein-DNA world of today. 
One of the difficulties the theory of RNA World encounters is the fact that the experiments 
similar to Miller-Urey experiment failed to produce nucleic acids.  
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2.2 Life on minerals 
 
The idea of mineral incubator for prebiotic life was first proposed by Bernal [40]. This 
idea found its development in two major theories that can be mentioned in this chapter. One 
of them is the Cairns-Smith theory, another is the hypothesis of “Iron-Sulphur World”.  
In 1966 Cairns-Smith developed an earlier idea suggested by Bernal and showed that clay 
mineral surfaces could adsorb organics, building up the concentrations sufficient for the 
prebiotic synthesis as well as act as the templates for polymerisation. The “primordial soup” 
thus becomes a concentration of organic compounds not in the solution but adsorbed on the 
mineral surfaces. This theory is mentioned in chapter 2.2.1.  
The Iron-Sulphur World Hypothesis was initially proposed by Corliss in 1981 [41]. This 
theory is also mentioned in chapter 2.4. 
 
2.2.1 Theory of Cairns-Smith 
 
The theory that crystals were the first living organisms was first proposed and advocated 
by the Scottish chemist Cairns-Smith in 1966 [9]. The idea was that the first organisms were 
"naked replicators" rather than cells. A search for the most suitable candidates for naked 
replicators appeared to strongly suggest the clay minerals as the most probable. Other 
minerals including those based on carbon compounds seemed unattractive in comparison.  
The crystals grow using conventional crystal growth processes, and divide when 
mechanical stress causes them to break into pieces. Information is replicated across the layers 
of crystals during the growth. This information forms the heritable information of the crystals, 
and acts as the basis for genetic evolution. The theory emphasizes the replication rather than 
metabolism.    
The composition and the defects on the particular layer of the clay crystals serve as the 
genotype while the physical aspects of the crystal act as the phenotype. Heredity in crystals 
appears to be a simple, natural and common occurrence. Crystals appear likely to prove to be 
the most plausible self-replicating agents in a pre-biotic environment.  
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Crystals grow fast in a super-saturated solution. If a solution is too saturated spontaneous 
seeding can occur, and crystal growth is rapid, but haphazard. On the other hand, if a solution 
is insufficiently saturated, crystals dissolve, rather than form. The condition of super-
saturation appears frequently in mineral springs. 
In particular, the building blocks of the minerals are continuously added by the processes 
of erosion and dissolution.  The excess of these materials is rapidly removed by 
crystallisation. The larger is the body of water the better this process works.  
When a solution is on the edge of super-saturated, crystals are most likely to develop 
without flaws. The process depends on the dissolving point of crystal formation being lower 
if they are not properly aligned with the rest of the crystal. For example the rate of coral reef 
growth is known to be proportional to the extent of the calcium carbonate super-saturation. 
Thus, the information stored in one layer of the crystal may be repeated (replicated) in the 
next layer.  
The theory assumes that at some point of evolution the genetic takeover occurred and the 
life changed from the crystalline to the modern form. The transition to the cell-based, nucleic 
acid-based life could only have happened some time after the origin. Building blocks of the 
carbon-base life are very complicated molecules extremely unlikely to have formed by the 
chance. The Cairn-Smith theory proposes the early crystalline replicators and the missing link 
during which the organic molecules could have been fabricated by the replicators in their 
strive to survive.  
Cairns-Smith's work sometimes is neglected in modern times, probably because of the lack 
of evidence, experimental proofs and vagueness of how the transition to carbon based life 
occurs. 
The theory had significant implications for modern attempts to create living organisms 
from inorganic materials. If Cairns-Smith theory is correct, creating primitive evolving 
physical systems may be very simple. Such systems may be forming continuously in nature.  
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However, Cairns-Smith's work is of pivotal importance. It identified a non-conventional 
mechanism by which genetic takeovers could occur in the establishment of evolving systems. 
  
2.2.2 Theory of J.V. Smith 
 
Nowadays it is very difficult to believe in the idea of “primordial soup” rich in organic 
molecules, where the first life emerged. Synthesis of biomolecules from organic compounds 
dispersed in water requires a mechanism for concentrating the organic species next to each 
other, and biochemically significant polymers must be protected from solar radiation and 
other natural factors. 
Smith suggested [44] that the reactions that started life could have happened on the silica-
rich minerals resembling zeolites, porous crystals with channels running through them. Most 
zeolites are hydrophilic and tend to absorb water from their surroundings. But certain 
synthetic zeolites are organophilic, preferentially absorbing organic materials out of the water. 
A naturally occurring organophilic zeolite, called mutinaite, was recently discovered in 
Antarctica, and Smith believed that this mineral could provide the key to the chemical 
evolution that led to the origin of life. It is possible that mutinaite, which contains aluminium 
in place of silicon, loses aluminium on its surface to become silicon-reach through 
weathering. A small number of remaining aluminium would provide the catalytic centres for 
assembling organic molecules into polymers.  
Mutinaite is a porous mineral, with pores less then 1x10-6 m wide and 10 x10-6  m deep. 
Small organic molecules could accumulate in such pores. The mineral surface could provide 
the catalytic framework for assembling them into polymers and protecting them from 
destruction by the sun.  
If the surface of a rock with the first living beings hidden inside dried out occasionally, 
this would encourage the organism to develop some form of protection. A fatty lid would 
prevent it from destruction by evaporation. Through time, this could expand outwards, like an 
inflating balloon, so organism could capture the nutrients. Eventually the organism could 
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leave the pore entirely, surrounded by the protective layer. This process would have created 
the first cell. 
This theory is largely a speculation. It requires further studying, especially on the crystal 
structure of the walls of the pores, and experimental proofs. However Smith did a lot to 
explain how the first cell appeared, and how the building blocks of life managed to find the 
protection against harsh environment – something that other theories lack.  
 
2.3 Hydrothermal Vents 
 
In 1979, the first hydrothermal vents were discovered and immediately captured 
imagination of the scientist working in the field of the origin of life. The hydrothermal vents 
are places deep at the bottom of the oceans where the magma comes very close to the ocean. 
The heating of the water in these places leads to the creation of the strong currents of 
overheated water enriched with the minerals released from the magma, particularly, iron and 
sulphur compounds.  The most dramatic examples of this phenomenon are the black smokers. 
Amazingly the black smokers were found to be the oases extraordinary abundant in the most 
primitive organisms on Earth. These ecosystems are sulphur-based, and are distinct from the 
more familiar, photosynthesis-based ecosystems that dominate the Earth's surface. A number 
of hypothesis on Origins of life were proposed after this discovery. 
Corliss et al [41] were struck by the richness of the vent biota, based on chemosynthesis, 
and proposed the hypothesis that life had a chemolithotrophic origin associated with these 
vent fields. This idea was developed by Wächterhäuser in 1988 and Russell and Hall in 1997. 
It became known as the Iron-Sulphur World hypothesis. It is covered in chapter 2.4. 
The research group lead by Matsuno from Japan proposed another theory [8] in 1999. 
They have simulated the conditions of the black smoker in a flow reactor. 500 ml of an 
aqueous solution of glycine (0.1 M) was circulated through several chambers at a high 
pressure of 24.0 MPa. The first chamber was heated mainly to 200–250 ° C; from there, the 
liquid was injected at the rate of 8–12 ml/min into a cooling chamber kept at 0 ° C. Then the 
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liquid was depressurised before samples were extracted at various intervals. The whole cycle 
was completed in 1–1.3 hours. In some experiments, 0.01 M CuCl2 was added to the 0.1 M 
glycine solution, which was also acidified to pH 2.5 by HCl at room temperature. 
The most spectacular results occurred in the experiments where the extra CuCl2 and HCl 
were added. The Cu2+ ions catalysed the formation of tetraglycine  with the yield of 0.1%. 
Even some hexaglycine formed (yield 0.001%). But the product with the highest yield was 
the cyclic dimer, diketopiperazine, which peaked at about 1% yield. Thus, the possibility of 
the oligomerisation of the organic substances in the thermal vents where unique temperature 
gradients exist and the unstable under normal condition chemical species are constantly 
supplied from the magma.  
The team leader, Koichiro Matsuno, wrote [8]: “For 10 years, underwater hydrothermal 
vents have been thought to be the place where life began — and we were able to prove it.” 
However this theory lacks explanation of metabolism, replication and the process of 
polymerisation of both amino acid and nucleotide molecules. 
 
2.4 The Iron – Sulphur World. 
 
In its basic form, the iron-sulphur world hypothesis proposes that iron-nickel sulphide 
minerals produced at or near deep ocean hydrothermal vents both adsorbed simple organic 
molecules and catalysed the formation of key prebiotic forms [13-15, 17-21]. 
Unfortunately, little is known about the nature and controlling conditions for iron nickel 
sulphide mineral formation at ambient temperatures. A series of metastable nickel sulphide 
minerals are known but their conditions of formation are not well-defined. By analogy with 
the iron sulphides it is expected that a number of new forms will be found. Apart from their 
interest to mineralogy, iron- nickel sulphide geochemistry has implications for the availability 
of nickel in modern anoxic environments and ancient Earth oceans. The minerals are also of 
interest to materials science since various iron sulphides and nickel sulphides are known to 
have interesting physical properties. 
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2.4.1 Wächterhäuser’s ideas about the origins of life on pyrite 
 
Miller and Urey experiments seemingly solved the problem of the formation of simple 
organic substances and even amino acids. However, these experiments used the reducing 
atmosphere while recent notions about the atmosphere of the early Earth suggest that it was 
rather neutral. This means that the atmosphere contained high concentrations of carbon 
dioxide and nitrogen but the methane or ammonia were not present. Miller-type experiments 
for the neutral atmosphere failed to produce organic substances. The fixation of the carbon 
dioxide turns out to be a serious problem for the theories of origin of life. The mechanism of 
the fixation of carbon dioxide cannot be copied from the modern biology where a very 
complex photosynthesis is employed to this end. The photosynthesis emerged much later. The 
energy source for the first live should have been chemosynthesis. Gunter Wächterhäuser’s 
theory tried to explain how the chemosynthesis could have appeared on the surface of 
sulphide minerals in the specific conditions of hydrothermal vents.  
Wächterhäuser [14, 15] in 1989 proposed a theory on origins of life developing the idea of 
life on rocks. He postulated that the origin of life was chemoautotrophic and consisted of an 
autocatalytic metabolism confined into two-dimensional monomolecular organic layer. The 
carbon for the organics must have come from the atmosphere by means of reducing carbon 
dioxide dissolved in water. Fixation of carbon dioxide means its reduction with oxygen atoms 
in CO2 replaced by hydrogen atoms or OH groups and polymerisation, a process in which 
newly reduced carbon atoms would join in longer organic chains. Fixation and polymerisation 
of carbon dioxide requires an energy source, which should have been a chemical reaction of 
some kind. Wächterhäuser suggested that this chemical reaction was the growth of the 
mineral. The enthalpy of mineral formation was used to drive chemical reactions producing 
organic molecules. Fixation of carbon dioxide is not an easy or very probable process, 
therefore the mineral surface should have catalysed it in such a way that the growth of the 
mineral and the growth of the organic molecules benefited from each other.  
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Based on this the processes behind the origins of life must satisfy the following 
conditions: 
1) Source of significant flow of “free” energy. 
2) Chemically reducing conditions. 
3) The redox potential must be very high, so that the overall metabolism is highly 
exergonic and hence irreversible. 
4) The electron flow which reduces organics must be somewhat inhibited in the absence 
of a metabolism, so that a metabolism can tap the redox potential. 
5) The electron flow must be linear from the reducing agent to CO2 because energy 
coupling cannot yet exist. 
6) The energy source must be operative within the organism, because the source of 
reducing power must operate at several steps along the anabolic pathways. 
7) The energy source must be geochemically plausible.  
None of the reducing agents used by extant organisms satisfies all of these requirements. 
Therein lies the difficulty of the chemoautotrophic origin. Based on these requirements 
Wächterhäuser assumed that the energy source for the chemoautotrophic origin of life was 
provided by oxidative formation of the pyrite. 
FeS + H2S => FeS2 + 2H+ + 2e-  (2) 
 
The formation of the pyrite requires oxidation and carbon dioxide acts as a electron 
acceptor. This energy source satisfies all of above six requirements. The above reaction is 
exothermic (exergonic) with the Gibbs energy of   
GΔ  = - 38.4 kJ/mol  (3) 
 
almost invariant  in the range  from pH 0 to pH 8. For pH above 8 the reaction becomes less 
exergonic. Below pH 6.5 the reaction becomes more exergonic with increasing temperature. It 
means that the pyrite energy source is truly thermoacidofilic. This is important because the 
earliest species of archaebacteria and eubacteria are thermophilic organisms. 
For carbon dioxide fixation by formation of succinic acid on the surface of pyrite: 
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4CO2+7FeS+ 7H2S -> (CH2COOH)2 + 7FeS2 + 4H2O;   GΔ  = - 420 kJ/mol (4) 
 
The fixation of the carbon dioxide leads to carboxylate groups (-COO-) and secondarily to 
mercapto groups. 
The products of carbon dioxide fixation become anionically bonded to the positively 
charged mineral surface at the interface of hot water. They accumulate on the surface and 
undergo recursive reactions. This establishes a two-dimensional reaction system, a surface 
metabolism.  
The primitive surface metabolites grow by spreading onto vacant surfaces; they reproduce 
by reproducing the autocatalytic coenzymes, and they evolve by the new environmentally 
inhibited autocatalytic cycles.  The surface metabolites evolve toward higher complexity 
since the thermodynamic equilibrium in a surface metabolism favours synthesis rather than 
degradation. The energy for carbon fixation is provided by redox process of converting 
ferrous ions and hydrogen sulphide into pyrite, which is not only a waste product but also 
provides the binding surface for the organics. 
The second stage of evolution of the two-dimensional organism consists of semicellular 
organisms still supported by a mineral surface, but with an autotrophically grown lipid 
membrane and an internal broth of detached constituents. At this stage membrane and cytosol 
metabolism appear, first as a supplement to and later as a substitute for the aboriginal surface 
metabolism. Membrane-bound electron transport chains allow the tapping of other energy 
sources, including light energy. The cytosol metabolism allows the salvaging of detached 
constituents. Eventually, heterotrophy appears as a by-product of the catabolic salvage 
pathways. The genetic machinery of the cell develops from surface-metabolic precursors with 
catalytic imidazole residues glicosidically bonded to a polyhemiacetal backbone of 
phosfotrioses.  It produces self-folding enzymes which compete with mineral surface for 
bonding the metabolic constituents. At this stage evolution becomes double-treaded: an 
evolution of metabolic pathways and evolution of the bonding surfaces for their constituents. 
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In the third stage surface-bonded lipids and membranes are formed and organism abandons its 
pyrite support and becomes free to conquer three-dimensional space.  
Evolution even at that stage is far away from the process described by Darwin. On the 
initial stages of evolution the surface-metabolic innovation occurs by conversion of the 
existing surface-bonded constituents into new ones. Environment plays its part in this process 
in different ways (cut-off of food, changes of temperature or pH). Surface organism also 
changes its local environment by forming surface-bonded constituents or by carbon or 
nitrogen fixation. 
Once organism becomes cellular, evolution path is changes to the characteristic pattern 
found for extant cellular forms of life. 
 
2.4.2 Russell-Hall theory 
 
The theory of Russell-Hall is concerned with the formation of the organic compounds on 
the surface of sulphide minerals at ambient temperatures. This theory is a development of 
Wächterhäuser’s theory of origin of life in term of the search of energy source for the 
prebiotic chemolithotrophic organisms.  
The central element of the Russell-Hall theory is an iron-sulphide membrane at the 
interface between the flow of hot water of the hydrothermal vents highly enriched with the 
metals and sulphur compounds and the water of the ancient ocean. The authors argue that 
such membranes could be the places where organic molecules could be synthesised from the 
inorganic precursors such as CO2, accumulate, react with the formation of ever more complex 
organic compounds. The membrane is supposed to play the role of the catalyst of the 
reactions and at the same time the growth of the membrane assumingly provides the 
necessary energy. Thus, the theory allows to start with the simple reaction of fixation of 
carbon from the CO2 atmosphere and continue to the formation of the very complex organic 
polymers.   
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Russell-Hall theory of origins of life states: “Life will inevitably emerge on any water-
covered rocky volcanic planet which hosts an atmosphere comprising the two oxides of 
carbon (CO2 & CO).”  
The modern views of the geologists on the atmosphere of the early Earth is that it mostly 
consisted of the mixture of carbon dioxide and nitrogen at a pressure much higher that 1 bar. 
A high pressure of carbon dioxide atmosphere renders the hot early (Hadean, 4.5 to 3.8 billion 
years ago) ocean mildly acidic and oxidised: 
 
H2O + CO2 <=> H2CO3 <=> H+ + HCO3- ..........(5) 
 
The acidity of the Hadean ocean could have been enhanced by volcanically derived HCl 
when the alkalinity was relatively low. Water involved in the hydrothermal systems that feed 
black-smoker-type springs could also be rendered moderately acidic as magnesium silicates 
react with water to form insoluble hydroxides and hydrogen ions (protons):  
 
Mg2+silicate + 2H2O =>Mg(OH)2 + 2H+ ..........(6) 
 
These hot springs would contribute high concentrations of ferrous iron and H2S to the 
acidic Hadean Ocean where they could remain mostly in solution. Some of this ferrous iron 
could be photo-oxidised to Fe3+ on the surface:  
Fe2+ + H+ + hv => Fe3+ + ½H2 ..........(7) 
 
In contrast, the ocean waters convecting downwards into the oceanic crust could be 
reduced by the ferrous iron component of silicates to hydrogen gas. Other metals in the 
silicates (M = Ca, Mg, Na, K) will dissolve as hydroxide, the whole re-emerging at 150°-
250°C as strongly reduced alkaline springs:  
 




(MO)silicate + H2O => M2+ + 2OH- ..........(9) 
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Hydrogen sulphide (as HS-) and minor methane thiolate (CH3S-) would be dissolved in 
such a solution along with minor tungsten as WIVS32- (tungsten is a required element in the 
metabolism of thermophilic bacteria that live at the base of the evolutionary tree). This hot 
water is now very different from the ocean water into which it seeps. Potential difference 
between these two fluids is around 700 mV. This is due both to the contrast between redox 
couples in the acidic ocean (e.g., Fe2+/Fe3+) and the alkaline spring waters (H2/H+) as well as 
the difference in pH (~5 units). Russell expects the solutions normally to mix and to produce 
heat.  
Russell suggests that they are prevented from doing so by the spontaneous precipitation of 
an FeS membrane at their interface. The membrane would be composed primarily of 
nanocrystalline mackinawite, Fe1+XS, where 0<x<1:  
 
Fe2+ + HS- + OH- => FeS + H2O ..........(10) 
 
Other sulphide clusters occupying the membrane are likely to be greigite ([Fe4S4][SFeS]2) 
and violarite ([Fe2Ni2S4][SNiS]2). This membrane is probably only impermeable to anions 
within the FeS compartments. The uncharged CO and CO2 molecules (along with Fe2+) 
dissolved in the Hadean Ocean diffuse through the membrane. Here they could react with the 
hydrothermal hydrogen, 'activated' to H
.








 + nCO2 => (CH2O)n + nH2O ..........(12) 
 
The hydrogen is losing an electron through the conducting FeS membrane (along the iron 
layers in nano-crystalline mackinawite) to Fe3+ on the outside which acts as the electron 
acceptor:  
H2 + Fe3+ => H. + H+ + Fe2+ ..........(13) 
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The product would be kinetically stable acetate as well as organic sulphides in which SH- 
replace OH-:  
CH3COOH + H2S <=> CH3COSH + H2O ..........(14) 
 
Organic sulphides could then sequester the 'cubane' structures of the spinel lattice in greigite 
and violarite, minerals somewhat more oxidized than mackinawite, thus giving them and 
enzyme-like form to catalyse the same reactions better.  
To make his hypothesis viable, Russell attempts to demonstrate the synthesis of fatty acids 
(CH3(CH2)nCOOH). He suggests one possible mechanism of elongation starting from 
thioacetate could involve reduction by hydrogen to ethanthiol followed by carbonylation to 
thiopropionate and so on. To Russell, this seems more likely than a version of the biological 
mechanism which involves malonate. So far, his experiments with synthesis gas and FeS/NiS 
precipitates have not shown homologation of acetic acid.  
Another mechanism, which would not involve acetic acid, could consist of the 
homologation of methane thiol  (Eq. 13) to ethanethiol, propanethiol etc., leading through 
carbonylations to propionate, butyrate and so on. This seems to be the source of the 
propionate and butyrate detected in his carbonylation experiments [17-21].  
The front, where these reactions are presumed to happen, coincides with the outer 
membrane. However a spongy sulphide mound is left behind comprising interconnecting 
compartments which the alkaline spring waters have to flow through. These waters could 
elute any organics adsorbed onto the sulphide minerals and carry them towards the surface of 
the mound. The sulphide mound would therefore play the role of a chromatographic column 
with the ability to separate the mixture of organic products into components. Moreover, aging 
of the FeS precipitate in the mound may produce bands with different absorption properties 
which may concentrate different organic molecules. Once concentrated, polymers such as the 
fatty acids can self-assemble and take-over the role of the membrane separating the two 
fluids. More complex molecules such as the amino acids and the nucleotide bases may be 
generated from hydrothermal ammonia and cyanide in the catalytic Fe(Ni)S membrane.  
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The amino acids may have been polymerised to protopeptides within the membrane where 
water had a very low activity. Condensation can be at the expense of inorganic pyrophosphate 
which itself is fragmented to monophosphate:  
 
H2N(CHR)COOH + H4P2O7 + H2N(CH2)yCOOH  =>     
=> H2N(CHR)CONH(CH2)yCOOH + 2H3PO4 ......  (15) 
 
The monophosphate can be reconstituted to the diphosphate by protons from the early ocean: 
2HPO42- + H+ <=> HP2O73- + 2H2O ..........(16) 
 
Such a reaction is strongly reminiscent of how life itself drives metabolism by what is 
known as oxidative phosphorylation. Protons on the outside of a living phospholipid 
membrane generate a protonmotive force, which is also used to polymerise the organic 
building blocks of life. One could think of this potential, maintained by the spontaneously 
generated iron sulphide membrane, as a precursor to the protonmotive force, the energy that 
supports all life. This force, commensurate with the pH contrast between the two fluids of 
about 5 pH units, is approximately equal to 300 mV, similar to that of the protonmotive force.  
Initially the FeS membrane encapsulating the hydrothermal solution is hydraulically 
distended. As the membrane fails, daughter bubbles are produced. Organic ions are generated, 
as for example, in the reverse Krebs (citric acid) cycle. The generation of Krebs cycle 
intermediates from acetate is possible by reductive carboxylation leading to pyruvate 
followed by oxaloacetate, malate, succinate, etc. to citrate which closes the cycle. Such a 
reductive carboxylic acid cycle could lead to a net production of such acids as oxaloacetate. 
Thus the osmotic pressure across the membrane would increase and osmosis would take over 
from hydraulic pressure as the driving force of reproduction. In parallel with this chemical 
take-over of the physical drive, the fatty acids, once they reached a critical concentration in 
the FeS compartments, take-over the role of membrane, though iron, nickel and sulphur 
remain intrinsic to biological membranes function to this day.  
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The development of an internally stored program involving DNA/RNA-type feed-back 
controls would have afforded the first cellular cooperative the propensity to evolve, 
eventually to find new energy sources, including bio-organics and solar photons. How this 
happened is obscure but prior to this, the development of a universal ancestral metabolic 
complex (UAMC) could have governed the channelling of metabolites. Russell follows 
Edwards’s statement that envisages the intermediate molecules in the first metabolic 
pathways being transferred directly, without diffusion, between catalysts localised at specific 
sites on a mineral surface. The nanocrystalline mackinawite comprising the membrane might 
have offered the basic structure for the UAMC. It is layered along the <100> structural plane, 
a plane that remains intact on oxidation and/or heating, through smythite (Fe13S16), to greigite, 
though in the latter mineral the layering of the sulphur atoms is along <111> axis. The plane 
is also common to the nickel-bearing homologue, violarite. Both these minerals contain 
structures that are very similar to the active centres of the ferredoxins and carbon monoxide 
dehydrogenase respectively, enzymes that also have the longest pedigrees. Perhaps 
mackinawite (which is very similar in structure to clay minerals) offered the surface upon 
which metabolic complexes were organized. 
This hypothesis is quite plausible in explaining how the life on Earth emerged about four 
billion years ago. It has strong geological, theoretical thermodynamic and experimental 
chemical proofs, which make it quite strong compared to other theories of origins of life.  
It may lack good explanation of metabolism and chemical autotrophy. However in their latest 
paper [19], “On the origins of cells: a hypothesis for the evolutionary transitions from abiotic 
geochemistry to chemoautotrophic prokaryotes, and from prokaryotes to nucleated cells” 
Martin and Russell make a heroic attempt to expand the theory of Russell-Hall with a 
hypothesis of the evolutionary transitions from “osmotic organism” contained in FeS 
membrane to the first prokaryotes. They did not manage to get experimental proofs. The 
absence of experimental confirmation is, in my opinion, the biggest drawback of this theory. 
However, all other theories have similar problems.  
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Summarising the existing theories of life one can conclude that thus far little has been 
definitively explained though many novel interesting ideas and concepts have been put 
forward. Most of the theories are based on the speculations about the possible scenarios of the 
development of the first living organisms yet fail to produce experimental validation of their 
assumptions. The theory should definitely start with what we know about the conditions on 
Earth of Hadean period. The theory should account properly for the sources of the chemical 
elements composing organic life, especially carbon. It is reasonable to believe that the carbon 
of living organisms came from the fixation and reduction of atmospheric carbon dioxide. The 
theory has to account for the energy source for the formation and transformations of the first 
organic materials. The theory has to find proper and unique conditions for the reaction of the 
organic synthesis to occur. And the theory should give account for the chemical mechanisms 
in which those reactions could occur.  
The iron sulphide world hypothesis for the synthesis of early organics and development of 
the first metabolising medium meets these criteria better, in our opinion, than other theories.  
It accounts for carbon dioxide as the source of the organic carbon, the energy is released as 
the result of the growth and transformation of the iron sulphide crystals, it suggests the 
hydrothermal vents and hot springs as the spots far from equilibrium with the flux of the 
active chemical species and the temperature gradients that allow for some unique chemical 
reactions.  Yet, the theory comes short in the area of the concrete mechanisms of the chemical 
transformations. Some of the assumptions of the Wächterhäuser theory are simply wrong, as, 
for example, his assumption that the surface of pyrite can carry an electric charge keeping the 
organic monolayer bounded with electrostatic force.  
Taking into account all strong points of the Wächterhäuser’s theory, it is necessary to 
concentrate more on the actual physical and chemical properties of the surfaces of iron 
sulphides, particularly, those of pyrite. In the frameworks of the    Wächterhäuser’s theory 
pyrite’s surface should attract and bind organic molecules. At the same time these molecules 
have to serve as the catalyst of the pyrite growth in such a manner that the growth could occur 
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in the presence of organics only and the energy released in this process should be consumed 
by the transformation of the organic molecules, fixation of carbon dioxide or oligomerisation 
of the organic chain. 
Thus, one of the major issues of the theory becomes the process of the growth of the iron 
pyrite. This thesis will concentrate on an important problem for the growth of the crystal, on a 
question of how the iron and sulphur atoms can migrate on the surface of pyrite, 
accommodate at the steps and kinks and eventually build in into the crystal.   
Before building the model of the surface diffusion for pyrite, let us spent some time 
describing what is known about the structure and the properties of the pyrite crystal. 
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CHAPTER 3. IRON SULPHIDES, COMPOSITION, STRUCTURE, GROWTH. 
 
The biochemical and geochemical reactions involved iron sulphides presumably were very 
important for origins of life. These reactions are still playing big role in modern biology, 
especially for anaerobic forms of life. There are few types of iron sulphides that might be 
interesting for the research of Iron-Sulphur World origins of life theory. These are greigite 
(Fe3S4), mackinawite (Fe9S8), marcasite (FeS2), pyrite (FeS2), troilite (FeS). Some of these 
minerals are metastable (greigite, mackinawite, marcasite, troilite), some of them are stable 
(pyrite). Metastable iron-sulphur minerals usually tend to undergo phase transformations to 
pyrite due to aging or chemical changes in environment. Such transformations are exergonic 
and could be the sources of energy for the precursors of the biological life. Besides being an 
energy source, such minerals could host the early autolithotrophic life forms which could be 
the catalysts for the phase transformation to pyrite like in the case of extant lithotrophic 
bacteria. 
 Iron-sulphide phase transformation is an interesting theme for research in various fields of 
science. However, this study is concentrating on diffusion processes and pyrite crystal growth 
rather than iron sulphides phase transformation.  
Iron sulphides are widely spread in nature. They have either of geothermal or biological 
origin. Geothermal iron sulphides are found in the places with high geothermal or volcanic 
activities, while biological pyrite is usually found in places with high activity of anaerobic 
living organisms. Before the first bacteria appeared the only source of iron sulphides was 
geothermal. That iron sulphides presumably became the “life incubator” for the first forms of 
life. 
This thesis deals with the surface properties of pyrite. Therefore, the pyrite crystals are 
most interesting here. Pyrite is a very widespread material, which is one of the arguments in 
favour of the suggestion that it was basic for the life development.  Pyrite is known as the 
“fools gold” for its yellow colour and general appearance. Pyrite crystals are either cubic or 
form a particular crystals called pyritohedrons. 
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Figure 2. Pyrite from Ural, Russia. Picture courteously from V.A. Pelepenko. 
 
In the cubic morphology pyrite has {100} faces while in the pyritohedron form the main 
faces are {210}. These two kinds of surfaces are therefore most stable in the pyrite. Pyrite 
crystals of cubic shape have interesting lines along the faces, called striations, which run in 
the mutually perpendicular directions on the adjacent faces of the cube. The general 
appearance of the pyrite is shown in the Figure 2. The striations are clearly seen on the top 
crystal, for example. From the macroscopic point of view striations appear due to the 
alteration of the {100} and {210} faces at the surface of the crystal. From the microscopic 
point of view striations are formed by the steps on the {100} surfaces. Therefore, considering 
pyrite one has to pay special attention to the possible steps.  
Microscopically a pyrite crystal has cubic P3a structure with a unit cell constant equal to 
542 pm. The lattice resembles, in a way, the cubic fcc structure of the common rock salt NaCl 
with the significant difference that a single Cl anion is replaced with an S-S pair oriented in 
each particular case in one of four possible <111> body diagonal directions (Figure 3a, 3b). 
Whereas in the bulk of the crystal all four possible orientations of S-S pairs are represented 
equally, the surface of pyrite is anisotropic. [7] (Figure4) 
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Figure 4. Pyrite surface. Sulphur ridges can be seen clearly (yellow balls show S atoms, pink 
balls represent Fe atoms). 
X
 
Pyrite is a semiconductor of the type usually determined by the defect and impurities. It is 
interesting that it has a comparatively high value of the dielectric constant of about 24. The 
bandgap width of pyrite is not known very precisely and is estimated to be of order of 0.95 
eV. The bandgap width is quite difficult to determine from the optical properties as the yellow 
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colour suggest a transition at much higher frequencies than the energy of the bandgap. The 
bandgap itself is indirect [26] and manifests itself in the optical spectra weakly.   
 The growth mechanism depends on the solution properties. Approximately six different 
mechanisms have been proposed. Consequently it is correct to state that the mechanism of the 
growth of the pyrite crystals is not well known at the moment despite a number of experiment 
and theories [5, 6, 25-35, 24]. Usually, in experiments the pyrite is grown from mackinawite. 
If H2S is bubbled through the solution containing high concentration of Fe2+ ions black 
sediment is formed. This sediment consists of the multiple FeS crystallites with the structure 
close to that of mackinawite. Mackinawite is rather unstable crystal and the crystallites don’t 
grow large.  If the mackinawite crystallites are further exposed to H2S, mackinawite is 
transformed to other types of iron sulphides. Pyrite is the final and the most stable of them.  
This thesis intends to consider the surface diffusions for pyrite and therefore needs a 
physical model of the pyrite structure. In the following sections a brief overview of the 
existing models of the pyrite crystal will be given.  There are several problems that have to be 
addressed to describe the interatomic interactions in pyrite. First of all, it is important to 
estimate the extent in which pyrite could be considered as an ionic crystal and what part of the 
interatomic interactions is of covalent nature.   
 
3.1. Models of pyrite (de Leeuw)  
 
De Leeuw et al [6] proposed the model of the pyrite crystal in which it is treated as an 
ionic crystal with the Fe2+ and S- cations and anions with the charges +2 and –1, respectively. 
Besides the electrostatic interaction the Fe and S ion cores in this model repelled at short 
distances. The repulsion   was described with the Buckingham type potential. The S-S pair 
interaction was described as a harmonic spring. Additionally, the model contained a bond-
bending potential in order to preserve the crystal structure.  The geometry and energies of the 
pyrite crystal were calculated using atomistic simulation techniques.  
The long range Columbic interactions were calculated using the so called Parry technique 
whereas the short range repulsions were described by parameterised analytical expressions.  
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The short range interactions between iron and sulphur were fitted to the pyrite structure and 
optimised using the GULP [47] program. They are described by the effective Buckingham 
potential:  
    





CAeU Rrb −= −
where R0 and A were the size and the hardness of the ions, respectively. The formula for 
Buckingham interaction is considered to contain the van der Waals part through the term with 
the parameter C, which was assigned zero value in the paper.  
The interactions between the sulphur atoms of the S-S pair were described by a simple 
bond harmonic function: 
2
0 )(2
1)( rrkr ijijijij −=Φ   (18) 
 
where kij was the bond force constant, rij is the interionic separation, r0 is the separation at 
equilibrium. The parameters were obtained from electronic structure calculations of the 
isolated S-S pair using Gaussian98 [46]. 
A bond-bending term was introduced to allow directionality of bonding between an iron 
atom and two sulphur atoms, which do not belong to the same S-S pair: 
2
0 )(2
1)( Θ−Θ=ΘΦ ijkijkijkijk k   (19) 
which was a simple harmonic about the equilibrium bond angle, where kij was the force 
constant and was the deviation of the bond from the equilibrium angle, which is 
constrained to the ideal tetrahedral angle of 109.5
)( 0Θ−Θijk
o. This reflects the fact that sulphur is 
covalently bonded in a tetrahedral geometry to three iron atoms and its dimer pair.  
The major arbitrary point of the model is the electrostatic charge of +2 for Fe and –1 for S 
ions. These values were taken from the simple chemical considerations that Fe loses two 
electrons to the sulphur atoms. But the charge distribution in the real crystals is much more 










C (eV/Å 6) 
 
Fe-S 94813.90 0.18125 0.0 
S-S 1777.08 0.33080 97.4915 
Table 1. Buckingham potentials for Fe-S  and S-S  used in de Leeuw model of the pyrite 
crystal. 
 
Ion pair kij (eV) r0 (Å) 
S-S (dimer)  8.44 0.92376 




3.2 Models of pyrite (Rosso) 
 
Rosso et al [5] studied the diffusion of the Fe adatom on the <100> surface both 
microscopically and theoretically. They have build three different sets of model potentials for 
the bulk pyrite and for the pyrite surface.  
The first most comprehensive set of the potentials contained 3-body interactions in order 
to describe the bond bending. However, the three-body potentials were problematic to 
incorporate into later Fe adatom attachment energy calculations due to energetic 
discontinuities at the boundaries at which the three-body potentials became active. So, a 
second set of model potentials was developed without three-body potentials. The third set was 
used to describe the surface adatom interactions with the Fe and S ions of the crystal 
separately. This set was used in conjunction with the second potential set  to calculate the 
equilibrium height and attachment energy for an Fe adatom as a function of lateral position on 
the surface.  
 The potentials were derived in such way as to fit the bulk properties of pyrite including the 
lattice period, the crystals structure, elastic properties and the phonon frequencies as well as 
to fit to the results of the quantum chemistry calculations for a small FeS cluster.  The ab 
initio calculations were performed for a cubic cluster of 27 atoms and additionally for a 
cluster with a Fe adatom on one of the faces neutralized with a S-S pair at the opposite face.  
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 As the result of the fitting procedure the model contained several types of interactions 
between different atoms of the pyrite crystal. First of all there were the electrostatic 
interactions between the ions. The charges of the Fe and S ions were the fit parameters and 
for the best fit were equal approximately to 1.3 for Fe+ and -0.65 for S- in the case of the first 
set with tree-body potentials and 0.78 and –0.39, respectively, for the second set. From these 
results one can conclude that the effective charges of the ions in the pyrite crystal are much 
less than the native +2 and –1 and that these values are very critical to the model of other 
potentials in the theory. Secondly, there was a harmonic (set 2) or a Morse potential (set 3) for 
the interaction between sulphurs in the S-S pairs. The short-range repulsion between Fe and S 
ion cores   was chosen in the Buckingham form for the set 3 while in the set 2 there was 
additional Morse potential. Additionally, there was an interaction between the sulphur atoms 
that did not belong to the same pair in the Buckingham form which proved to be quite 
considerable.  
The ab initio calculations were performed using Gaussian94 [45] at the restricted Hartree-
Fock (RHF) level of theory with an SBKJC VDZ electron core pseudopotential basis set for 
Fe and S. The cluster chosen to model the {100} surface was a 27-atom cluster comprised of 
the lattice atoms of a complete face centred cubic surface cell and was half of a unit-cell 
thick. The cluster was terminated by {100}, {010}, and {001} faces, the most stable faces of 
pyrite. This was a charge neutral cluster that had been shown to be particularly stable and a 
reasonable representation of pyrite surfaces [5]. An additional Fe atom was added over one of 
the {100} surfaces of the cluster to represent a surface diffusing Fe adatom. This adatom was 
modelled as an Fe2+ ion by setting the net charge on the [cluster + Fe adatom] configuration to 
2+. The height of the adatom was geometry optimised over five laterally constrained surface 
positions, keeping the atoms of the cluster fixed. 
Changes in total energy as a function of lateral position were used as a basis to understand 
the interaction of a surface Fe adatom with the neutral {100} surface. An optimum adsorbed 
position, a high-spin state for the Fe adatom was predicted to be the most probable 
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energetically. A possible implication is that the spin configuration of the Fe adatom could be 
sensitive to its separation from the surface. To completely treat this situation requires an 
exhaustive search for lowest energy spin configurations at each height and lateral position. 
Iron adatom was therefore restricted to the low spin state for simplicity. The effects of 
additional negative charge on the cluster were incorporated by repeating the calculations with 
an additional S22– group attached to a lattice site on the opposite side of the cluster, giving the 
total configuration a neutral charge. In the end, 12 sets of calculations were performed for the 
following clusters: a neutral cubic pyrite cluster, a  cubic pyrite cluster with   five  different 
positions of  Fe adatom with the total charge 2+, a cluster with  as S-S pair attached to the 
opposite side and the total charge of 2-, a cluster with both Fe adatom and S-S pair for the  
five different positions of the adatom. These data were used in addition to the elastic 
properties and the structure of the bulk crystal in order to optimise the parameters of the 
model.  
The mechanical properties of bulk pyrite were modelled using a molecular mechanics 
approach. It was necessary to derive interatomic potentials that can be accurately extended to 
surface and adatom environments. Three empirically parameterised electrostatic potential sets 
were developed using the program GULP [47]. 
Experimental bulk elastic constants and phonon frequencies were used as observables in 
all three sets. The final set was also fit to the results of the ab initio calculations by including 
the ab initio total energy vs. the Fe adatom height as an observable using the “relax” keyword 
option in GULP [47]. Atomic charges of the bulk potentials sets were simultaneously 
optimised with the potential parameters. For the final potential set, the charges were varied 
but kept constant during one fit with the constraint that charge of Fe atom is two times larger 
than charge of S atom. It turns out that the best fit results in a charge of 0.5 ± 0.02 for iron, 
which is lower than the charge of iron in the bulk. 
The final potential set, which fully incorporates the ab initio behaviour, was used in 
conjunction with a program developed to calculate maps of the attachment energy and the 
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optimal height of an Fe adatom as a function of lateral position on the surface. To properly 
mimic the Madelung field, a large 864-atom pyrite cluster was used to model a 5 X 5 unit cell 
section of the {100} surface (surface area ~27 Å X 27 Å). 
The cluster was 2 unit-cells thick (~11 Å). Using a procedure similar to a conjugate 
gradient method, the height of an iron adatom was optimised at each point in a 101 X 101 
point grid over the cluster surface. Total energy differences for the optimised Fe adatom 
positions were contoured to produce an iron adatom adsorption energy map. The Table 3 
contains the potential parameters for the third set of Rosso’s model. 
Ion pairs Potential Type A B C Comments 
S-Fe Buckingham 11000.029 0.265 180.435 Ssurface-Feadatom
Fe-Fe Buckingham 1710.813 0.243 15.853 Fesurface-Feadatom
S-S Morse 2.035 1.897 2.128 Ssurface-Ssurface
S-S Buckingham 160349.53 0.289 2072.875 Ssurface-Ssurface
Table 3. Potentials for Fe-S  and S-S  used in Rosso model of the pyrite crystal [5]. 
 
 
As mentioned above the effective charges of the ion cores for the bulk crystal were shown 
to be smaller than +2 for Fe and –1 for S. It turned out that in the third set of parameters used 
for the surface atoms the optimised charged were even smaller, about 0.5 for Fe+ and 0.25 for 
S-. In the present thesis a set of parameters for interatomic interactions was developed 
following a similar path. As the task of the theory was to describe both Fe and S adatoms as 
well as the attachment to the steps on the surface additional parameters for the S adatom 
interaction with the surface were needed.  
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CHAPTER 4. THEORY OF THE SURFACE DIFFUSION. 
 
One of the proposed mechanisms of the growth of pyrite is by transport mechanism in 
which the reactive species like Fe2+, S2-, FeSH- or SH- are deposited on the surface of the 
crystal from the solution [25-35]. After the adsorption at the surface these building blocks of 
the new pyrite units have to migrate to the reactive sites, such as steps or kinks. Very little is 
known about the mechanisms of diffusion of the adsorbed atoms.  Diffusion of Fe adatoms 
was experimentally observed in [5], yet the determination of the activation rates and 
mobilities remains an important task. Even less is known about the diffusion of sulphur or 
other chemical species. 
   The current thesis tries to build a theoretical model of the diffusion and the mobility of 
adatoms at one of the most stable pyrite surfaces the {100} surface. Additionally the 
equilibrium positions and binding energies of the adatoms are obtained. These results are 
compared with the positions and binding energies of the adatoms at different kinds of steps on 
the pyrite crystal.  
Let us recall the main features of the FeS2 crystal structure. Pyrite is a cubic crystal in 
which Fe cations form an fcc sublattice very similar to the sublattice of the Na atoms of the 
rocksalt. In contrast to the rocksalt, however, the anions are not monatomic like Cl-, but are 
formed by pairs of sulphur ions (S-S)2-. In the bulk of the pyrite crystals these pairs are 
oriented in each of the four possible <111> directions of the fcc lattice, while the centres of 
masses of the pairs form an fcc lattice complimentary to the fcc lattice of the Fe cations. Each 
of the four possible orientations of S-S atoms are represented equally in the bulk of the 
crystal. The formula of the pyrite unit cell is (FeS2)4.  
Although the pyrite crystal has cubic symmetry, the pyrite’s surface is anisotropic at the 
atomic level. On the {100} surface atoms are arranged in an anisotropic pattern:  sulphur 
atoms sticking above the terminal Fe plane form grooves and ridges. These two-atom grooves 
and ridges run along one of the crystallographic axes (see Figure4). 
 35
In order to consider the problem of the surface diffusion of the iron and sulphur ions on 
the <100>surface of the pyrite, some assumptions about the surface are to be made. It is 
known that pyrite crystals do not cleave easily and seldom produce good surfaces. Yet little is 
known even about the flat regions of the {100} surface. In this paper we assume that the S-S 
pairs remain intact at the surface and the cleavage breaks the Fe-S bonds only. Experiments 
suggest [5] that no major restructuring occurs at the surface and the positions of the Fe and S 
ions are only slightly relaxed compared to the bulk. In the first approximation we consider the 
pyrite crystal to be rigid, i.e. the positions of the atoms stays unchanged compared to the bulk. 
 36
 
CHAPTER 5. PROPOSED MODEL OF THE ADATOM DIFFUSION ABOVE THE 
SURFACE OF FES2. 
 
In order to achieve the task of the description of the adatom diffusion, a model of pyrite 
crystal should be developed.  The choice of a theoretical model for a pyrite crystal is a 
difficult problem. One of the difficulties of the problem is unknown nature of the bonds in 
pyrites. The model should consist of the realistic classical potentials for different kinds of 
interactions between the atoms.  
There is experimental [5] and theoretical [6] evidence  that the relaxation of the crystal 
lattice at the surface is small. When considering adatoms, therefore, the displacements of the 
atoms of the pyrite crystal from the respective bulk positions are neglected. It is the first 
assumption of the developed model. In this case only the surface atoms are allowed to move. 
This approach saves a lot of the volume of the calculation of the forces applied to the atoms 
of the crystal lattice and allows to extend the computation of the slowly converging 
electrostatic part of the total energy over a large crystallite.   
The crystal is treated as partly ionic with the Fe2+ and S- cations and anions.  The effective 
charges were chosen to be 1.0 and –0.5.  The interaction of adatoms with the atoms of the 
crystal lattice in this model consisted of two parts: electrostatic interactions with Fe2+ cations 
and S- anions and repulsion of the ions cores taken in the Buckingham form. All potentials 
were spherically symmetric. These assumptions do not affect the atoms of the lattice as they 
are fixed. Another assumption is that adatoms are not allowed to form covalent bonds with 
the surface ions. Therefore, physisorption rather than chemisorption is assumed as the main 
adsorption mechanism.   
Parameters of the interatomic interactions in the proposed model were fitted to render the 
main properties of the pyrite crystal. Therefore, the first step of the modelling procedure 
consisted in fitting the results produced by the model to the results of quantum chemical 
calculation of the total energy of small FeS clusters. This procedure is covered below.  
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The model considers positions of the atoms of the pyrite crystal fixed. In this case the bulk 
energy is constant and the only variable part of the total energy of the crystal is the potential 
energy of an adatom. The potential energy of an adatom above the surface consists of a long 
range electrostatic or Madelung energy UM of the interaction with the cations and anions of 
the bulk and short range Buckingham potential of interaction with the closest neighbours. In 
the case of the Fe2+ adatom we neglect Buckingham Fe-Fe interactions as the Fe atoms don’t 
come close enough together because of electrostatic repulsion, and consider interactions with 
the S- anions at the surface close to the adatom. In the case of S- adatom, both interaction with 
Fe and S atoms of the crystal have to be taken into account. 
In the case of Fe2+ adatom: 
bMadatom UUU +=    (20) 
 
The potential energy of the S- adatom on the surface consists of Madelung energy   
and Buckingham potential of interaction with the closest neighbours: iron atoms   and 





S)b(SbMadatom UUUU −++=    (21) 
 
It is important to note that the repulsion of the ion cores of the S atoms has to be taken into 
account because some of the S atoms of the pyrite are elevated above the pyrite surface and 
would, therefore, strongly affect  the positions of an S adatom.  
The Madelung energy  is given by the formula: MU
∑ −= n adn anM
qq
U ρρ rr            (22) 
 
where  is the effective electric charge of the anions or cations on the n-th site,  is the 
charge of the adatom,  
nq aq
nρr  is the radius vector of the n-th site, adρr  is the radius-vector of the 
adatom,  runs over the sites of the crystal. A 40×40×20 box was used to calculate this slow 
converging Madelung sum. 
n
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CAeU oRrb +−= −                                        (23) 
 
 
In this equation the first term describes the repulsion of the cores of two atoms. The 
exponential form of this term allows to obtain softer cores compared to the 12-th power term 
of the van der Waals interaction. The second term is the long range van der Waals attraction 
between the atoms due to the induced dipole-dipole interaction. The third term, a “core 
potential” was introduced additionally to avoid unphysical behaviour of the potential at the 
small distances between atoms. A is repulsion strength, can be treated as the size of the ion 
core, C is a parameter of the van der Waals attraction, D is the parameter of additional 
repulsion at small distances, r
0R
  is the distance between interacting atoms.  
The necessity to introduce the additional repulsion of the third term can be explained by 
the following considerations. The usual form of the Buckingham potential with the 
exponential repulsion and 6-th power attraction behaves badly in the vicinity of zero distance, 
where the exponential term is limited while the power term becomes infinitely large. As the 
result a small region of attraction close to the ion core appears. This region of attraction is 
unphysical and complicated the calculations and rendering of the results in plots. In order to 
avoid this unphysical behaviour the 12-th power positive term was added to the general 
formula. This term has a very short range nature. With the positive 12-th power term the 
region of attraction disappears. At the same time due to the short range of this kind of 
interaction its role in the region close to the equilibrium point can be made negligible. In this 
work the parameter D was chosen as  
7
CD =       (24) 
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which adds only a negligible additional repulsion in the region of physical significance and 
successfully masks the unphysical behaviour at zero. (See plot of the Buckingham potential 
equation with parameter D and without parameter D in Figure B1, Appendix B.) 








− =                                    (25) 
 
where A is the repulsion parameter,  is the  size of the ion, r0R  is the distance between 
interacting atoms. In the case of the S –S interaction the potential did not contain an attractive 
van der Waals part. Initially, the attractive part was present in the fitting procedure but it 
seems that at the considered distances the van der Waals attraction does not play a significant 
role. In this situation the fitting procedure produced negative values for the parameter C, 
which meant additional repulsion. As there is no reason to keep two repulsive terms in the 
same equation and regarding the significant physical consideration that van der Waals forces 
are always attractive, only one of the terms was left for the fitting procedure. The van der 
Waals attraction probably plays more significant role at the distances large than those 
considered in this work. This does not mean that the S adatoms are not attracted to the surface 
of pyrite. But the only kind of attraction in the model is that of the S adatom and Fe atoms of 
the crystal, both electrostatic and van der Waals.  
Since the Buckingham potential has short range, the calculation of its contribution to the 
energy of the atom above the surface of pyrite accounted only for surface atoms in the nearest 
4×4×1 periods box.  
 
5.1. Diffusion activation energies 
 
 The material of this section assumes that the potentials of the interatomic interactions are 
known and addresses the procedure by which the diffusion activation energy can be 
evaluated. With the known potentials it is possible to determine the energy of an adatom at 
any point above the surface. The most interesting are the points in which the potential energy 
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has extrema. The point in the 3D space over the surface at which the energy of the adatom is 
smallest determines the equilibrium position of that adatom, which will be denoted as .  
Since the adatom are supposed to be attracted to the surface their energy is supposed to be 
negative and converge to zero very far from the surface. There are many identical equilibrium 
positions on the surface due to the periodicity of the crystal. Moving an adatom from one of 
the equilibrium position to another, one has to first increase its energy. The energy will 
increase to be the largest at some point and then would decrease as the adatom reaches the 
second stationary point. There are many pathways in the 3D space between two similar 
equilibrium points. There is one of them, however for which the value of the highest energy 
along the path is smaller than for any other trajectory. Such path passes through a special 
point, called a saddle point: the point with the highest energy on the trajectory where this 
highest energy is the smallest.  This energy will be denoted as .   It is known from the 
diffusion theory that the difference between  and  is the most important factor that 
determines the probability of a hop between two equilibrium sites, and therefore the mobility 





minUUE pd −=                                         (26) 
 
The equilibrium position of adatoms and respective values of  were calculated 
numerically using the method of the steepest descent. Starting from an arbitrary chosen 
position over the surface, the adatom was moved a little bit in the direction of the forces 
acting on it. Then the forces were calculated for the new position and the adatom was moved 
again. The iterations continued till the coordinates and potential did not change anymore. 
minU
The saddle point on the diffusion path along Y axis was found using the following 
procedure.  The saddle point and minimum point are similar in that respect that the three first 
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 is not positively defined which makes the procedure of the determination of such 
points difficult.  
In the particular case of the pyrite surface, however, the potential profiles plotted for both 
Fe2- and S- at different elevation over the surface showed that the diffusion is most likely to 
occur in the direction parallel to the ridges and grooves on the surface (y-axis in the chosen 
system of coordinates). Therefore, the following procedure was adopted. For a fixed value of 
y, the point where the derivatives of the potential in two other directions were equal to zero 
was found by the method of steepest descent in the xz plane. The method of the steepest 
descent converges because the diffusion path only slightly deviates from the y direction.  





 changed sign was found. In 
this point all three derivatives are equal to zero and therefore it is the saddle point. The 
success of this procedure depended on whether the potential groove is rather close to the y-
axis. As seen from the results the procedure was a success.  
Theoretically the diffusion path along y axis is the most interesting as the most probable. 
Diffusion paths along x axis are less probable that is why the saddle points for the diffusion 
path along x axis were obtained from the plots (Figure 11, 12). It is estimated value and is 
used only for a comparison of the energy of diffusion activation in different directions.  
The diffusion coefficient of an adatom can be calculated after diffusion activation energy 





2MDdiff =   `(28) 
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where Ddiff is the diffusion coefficient, λ is the hop length, and M is the number of hops the 




dττ =   (29) 
 
where τ0 is an inverse attempt frequency, Ed is the activation energy,  is the Boltzmann 





=0τ   (30) 
 
was used for the attempt frequency where h was the Planck’s constant,  was the 
Boltzmann constant,  T was the temperature (room temperature was used for the estimates).  




5.2. Calculation and fitting of the parameters for the Buckingham potential equation for 
Fe – S interaction. 
 
 In order to use a model of pyrite for the determination of the equilibrium points, diffusion 
pathways and the  diffusion activation energy, one has to obtain the parameters of the 
Buckingham potentials for the  Fe-S and S-S interactions.  The parameters were obtained in 
the following manner. First of all, the total energy of some FeS clusters was calculated ab 
initio. Then, the energy of the same cluster was calculated in the frameworks of the simplified 
model for some values of the parameters of the models. Parameters were allowed to vary till 
the best fit was obtained.       
The  ab initio calculations were performed using Gaussian98 (Frisch et al. 1998) at the 
unrestricted Hartree-Fock (UHF) level of theory with G3-21g electron core potential basis set. 
The clusters chosen were the cluster of three sulphur and two iron atoms and iron adatom 
(Figure 5) and the cluster of three sulphur and two iron atoms and sulphur adatom (Figure 6). 
The examples of the input files can be found in Appendix A.  
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Figure 5. FeS cluster used for energy 
calculations. Yellow balls represent sulphur 
atoms, blue balls represent iron atoms. 
Figure 6. FeS cluster used for energy 
calculations. Yellow balls represent sulphur 
atoms, blue balls represent iron atoms. 
  
The clusters consisted of a  five member ring characteristic to the structure of pyrite (see 
Figures 5 and 6) and an additional S or Fe atom, that had to play a role of  an adatom. The 
positions of the atoms of the ring were fixed and the positions of the adatoms were allowed to 
vary. The fixed positions of the atoms of the ring were the same as in the bulk pyrite. Such 
procedure was logical from that point of view that the modelling of the adatom at the surface 
was performed for the fixed positions of the atoms of the bulk without accounting for the 
relaxation that was assumed to be small. Varying the position of the adatoms a set of total 
energies of the clusters versus the 3 coordinates was obtained.  
First, the cluster of the Figure 5 allowed to obtain the parameters of the Fe-S interaction by 
a least square fitting to the model. Then, for the cluster in Figure 6 these parameters were 
considered known and the parameters of the S-S interaction were determined.   
The classical model used for the fitting contained electrostatic interactions between the 
ions  with the charges of +1 and –0.5 for Fe and S, respectively, Buckingham potentials for 
the Fe-S and S-S interactions, respectively and a constant energy  that allowed the shift of 
the total energy to the values produced by the Gaussian98. For the Fe-S interactions 
parameters   of Eq. (23) were considered as variables, while for the S-S interaction  





 The fitting was performed by the method of least squares with the evaluation function in 




2φ   (31) 
where was the total energy of the cluster obtained by the Gaussian98 calculations for the 
i-th position of the adatom,  was the energy of  the adatom in the classical model. The 
latter depended on a number of parameters that had to be fitted.  
abiE
miE
Calculations were performed for different spins and different charges of the clusters. Total 
energy of the cluster was calculated for charges 0, +2 and for different spin states of 0, 1, 2, 3, 
4. Twenty clusters were used for each charge and spin state.  
Calculations show that the smallest energy of the system is for the largest spin state of 4 
(Table 4). Theoretically an atom of the ferromagnetic material should have the unpaired 
electrons and therefore the spin state of any cluster may be different from zero. It is known 
that the pyrite is not a ferromagnetic material. We are interested in the situation when a Fe ion 
is attached to the pyrite surface. The pyrite itself is not ferromagnetic so the total spin of the 
system should be the same as the spin of the Fe adatom. It is difficult to say beforehand what 
the spin of adatom should be.  
S/No Charge Multiplicity Spin Number Energy (Hartree) 
1 +2 1 S=0 -4955.53140424  
2 +2 3 S=1 -4955.53111559  
3 +2 5 S=2 -4955.53227238  
4 +2 7 S=3 -4955.70345837  
5 +2 9 S=4 -4955.72762797 
6 0 1 S=0 -4954.98032937  
7 0 3 S=1 -4954.95496723  
8 0 5 S=2 -4954.93577801  
9 0 7 S=3 -4955.06840961 
10 0 9 S=4 -4955.09417288 
Table 4. Results of the energy calculation for various charges and spin numbers for Fe 
adatom position at the point (1.0, 1.6, 2.1) Å assuming the origin of the system of coordinates 
in of the pyrite atom and the axes are the crystallographic axes of pyrite. 
 
Fe2+ ion has 6 unpaired electrons and due to the ferromagnetic character of the iron one 
would expect that the electrons would occupy 6 orbitals (five 3d and one 4s orbitals). Rosso 
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et al [5] in their calculations used the low spin state for the clusters which is arguable because 
of the above consideration.  
In the calculations of the present work the system with spin 4 had the lowest energy as can 
be seen from Table 4. It is this system that has been used for the modelling of the parameters 
of interaction. The neutral cluster was used for the fitting. In this case the quantum chemistry 
calculations are performed for the neutral system and in the classical model system all atoms 
can be assigned ±1/2 charges. The results of the fitting are shown in Table 5.  
 
Parameter A (eV) C (eV/Å6) Ro (Å)
 D (eV/Å12) 
Value 16424.455 57.997 0.222 8.285 
Table 5: Parameters for the Buckingham potential for the Fe-S interaction above the   surface 
of the pyrite. 
 
The parameters of Fe-S interaction obtained from the fitting of a particular cluster are 
considered to have universal value and could be transferred to other systems. It is interesting 
to compare the Fe-S interaction model proposed here with the models of other authors. Figure 
7 shows the model potentials versus interatomic distance plots for all three sources. The green 
line that shows the interaction used by Rosso [5] has unphysical behaviour at the distances 
smaller than 1 Å which we avoided adding the 12th power repulsion term. The potential 
proposed in this paper is generally softer than those of two other sources. Yet, physically, the 
most important region is the region of about the length of a bond, i.e. from 2 Å to 3 Å. The 
same three curves are plotted in this important region in Figure 8.  In this figure proposed 
potential and de Leeuw’s potential curves have their minimum located at interatomic distance 
of approximately 2.5 Å, while Rosso potential curve has its minimum at longer interatomic 
distances of approximately 3 Å.  
A very deep well on de Leeuw’s potential curve suggests very strong bonding with which 
the adatom will adhere to the surface of pyrite easily, however the diffusion of the adatom 
above the surface will be strongly inhibited. Rosso’s potential curve has a very shallow 
minimum which means that an adatom can be adsorbed by the surface of iron sulphide 
however will diffuse above its surface easily. The proposed potential is intermediate, it 
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suggests stronger bonding than in Rosso’s case and at the same time closer separation 
between Fe adatom and sulphur atoms on the surface of pyrite.  
 
 
Figure 7. Comparison of the potentials of Fe-S interactions proposed here (blue line) with 
those of de Leeuw [6] (red line) and Rosso [5] (green line). 
 
 
Figure 8. Comparison of the potentials of Fe-S interactions proposed here (blue line) with 






5.3. Calculation and fitting of the parameters for the Buckingham potential equation for 
S – S interaction. 
 
Total energy of the cluster was calculated for charges -1, 0 and for the spin states 0, 1, 2, 
3, 4 for neutral clusters and 1/2, 3/2, 5/2, 7/2, 9/2 for negatively charged clusters. Twenty 
clusters were used for each case.  The results of the calculations for one of the points are 
shown in Table 6. The dependence of the total energy of the cluster on the coordinates of the 
S adatom was used as input for fitting procedure. To model Buckingham potential S-S 
interaction, parameters for Fe-S interaction were taken from the previous 
calculations, covered in Section 5.2. (Table 5). 
CRA ,, 0
S/No Charge Multiplicity Spin Number Energy (Hartree) 
1 0 1 S=0 -4094.70202683 
2 0 3 S=1 -4094.68113766 
3 0 5 S=2 -4094.69844295 
4 0 7 S=3 -4094.78391129 
5 0 9 S=4 -4094.78749338 
6 -1 2 S=0 -4094.74873149 
7 -1 4 S=1 -4094.76392252 
8 -1 6 S=2 -4094.75077921 
9 -1 8 S=3 -4094.85506107 
10 -1 10 S=4 -4094.92472463 
Table 6. Results of the energy calculation for various charges and spin numbers for S adatom 
position at the point (1.3, 1.6, 2) Å. 
 
Despite the fact that the smallest energy has the high spin systems, the data for the neutral 
cluster with spin zero were chosen for the fitting. Unlike for the Fe adatom that can be in the 
high spin state, the S2- ion has the spin zero. As the pyrite itself is non-ferromagnetic material 
it is likely that an S adatom on the surface of pyrite will be in zero spin state. The results of 
the fitting of parameters are shown in Table 7. It is important to note that this interaction has 
nothing to do with the bonding between the S atoms in an S-S pair, it is the repulsion of the 
cores of the S atoms that do not form a pair.  
Let us compare the S-S interaction model proposed here with the other models published 
before. Figure 9 shows the model potentials versus interatomic distance plots for all three 
sources. The red line that shows the interaction used by de Leeuw [6] has unphysical 
behaviour at the distances smaller than 2 Å  which was avoided in the proposed and Rosso’s 
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models. The same three curves are plotted in physically important region, which is the region 
of about the length of a bond, i.e. from 2 Å to 4 Å in Figure 10.  In this Figure de Leeuw’s 
potential curve has its minimum at the interatomic distance of approximately 2.5 Å, Rosso 
potential curve has its minimum at longer interatomic distances of approximately 4 Å and in 
the proposed model the interaction between the sulphurs is repulsive everywhere.  
A very deep well on de Leeuw’s potential curve suggests very strong bonding with which 
the S adatom will be attracted to another S atom on the pyrite’s surface. Rosso’s potential 
curve is intermediate; it suggests a weak bonding compared to de Leeuw’s case and, at the 
same time, weaker repulsion between S adatom and sulphur atoms of the surface of pyrite 
compared to the proposed model.  
 
Parameter A (eV) R0 (Å)
 
Value 5388.275 0.499 
 




Figure 9  Comparison of the potentials of S-S interactions proposed here (blue line) with 





Figure 10  Comparison of the potentials of S-S interactions proposed here (blue line) with 
those of de Leeuw [6] (red line) and Rosso [5] (green line). 
 
 
Ion pairs A (eV) R0 (Å) C (eV/Å 6) Charge Fe Charge S 
De Leeuw[6] 
Fe-S 94813.90 0.18125 0.0 +2 -1 
S-S 1777.08 0.33080 97.4915 +2 -1 
Rosso[5] 
S-Fe 11000.029 0.265 180.435 +0.5 -0.25 
Fe-Fe 1710.813 0.243 15.853 +0.5 -0.25 
S-SMorse 2.035 1.897 2.128 +0.5 -0.25 
S-S 160349.53 0.289 2072.875 +0.5 -0.25 
Proposed model 
Fe-S 16424.455 0.222 57.997 +1 -0.5 
S-S 5388.275 0.499 Nil +1 -0.5 











5.4. Results of the modelling of Fe and S adatoms on the surface of pyrite and near the 
steps.  
 
The parameters of Fe-S and S-S interactions fitted from the quantum chemistry 
calculations can be used to model adatoms on the surface of pyrite taking into account much 
larger number of atoms.  
In the model an atom of Fe or S is placed above the surface of pyrite which is supposed to 
be rigid and the energy of the interaction of the adatom with the atoms of the surface is 
calculated. The long range electrostatic interaction is extended over the large number of ions 
in of the pyrite as noted above; the short range interaction is also extended over the reach of a 
single five member ring used in the quantum chemistry calculations (see Figures 5, 6).   
The positions of the adatoms are allowed to vary and the task of the calculations is to find 
the equilibrium points on the surface as well as the diffusion paths with their saddle points.  
Figures 11 and 12 show the potential profiles for Fe and S adatoms at a certain elevation 
 over the surface. The origin of the system of coordinates was chosen at the Fe cation on the 
terminal {100} plane. The x-axis was chosen perpendicular and y-axis was chosen parallel to 
the direction of the grooves and ridges on the surface.  Figures 11 and 12 show both the 
surfaces and the contour maps of the potential as a function of x and y. 
z
The peaks on the Figure 11correspond to the regions above Fe ions where the Fe2+ anion is 
strongly repelled while the valleys are the regions of attraction to S anions of the crystal 
lattice. The peaks on diagram (Figure 12) represent the regions above S anions while the 
corresponding valleys are the regions of attraction to the Fe ions on the terminal plane. 
The most important conclusion that follows from the analysis of the potential profiles of 
Figures 11 and 12 is that of the anisotropy of diffusion of the physisorbed atoms. Since the 
potential at infinity is equal to zero, an adatom at the surface could pass to an adjacent site 
without leaving the surface only in the case when the barrier between two sites is smaller than 
the depth of the potential well. Figures 11 and 12 show that this requirement is met with 
respect to the diffusion in either x or y direction, i.e. across or along the grooves or ridges 
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respectively. The most probable way for diffusion is along the grooves or ridges (y direction) 





Figure 11. The potential profile for Fe adatom above the FeS2 at Z/2a=1, a is the period of the 




Figure 12. The potential profile for S adatom above the FeS2 surface at Z/2a=1, a is the 




Zero energy of the adatom is indicated in the Figures 11 and 12 with green lines. It is clear 
that an adatom will have positive energy only in the vicinity of the repelling atoms of the 
same kind. For example, the Fe adatom is repelled electrostatically from Fe atoms of the 
surface. Almost everywhere else the energy of the adatom is negative which physically means 
that the adatom is physisorbed at the surface.  
The blue lines on the contour map of the potential profile of Figure 11 roughly show the 
limits of the most probable diffusion path. One can see that these blue lines run continuously 
along the groove, which means that in order to change from one groove to another moving in 
x direction, a Fe2+ cation should overcome the potential ridge which requires more energy. On 
the other hand, along y axis the potential barriers for the hops are lower and, therefore, the 
diffusion in this direction is a surface diffusion.  
Another observation from the Figure 11 is that there are similar minimums roughly 
indicated by the brown circles on the two sides of the potential barriers for diffusion. These 
two minimums occur and two different sides of a sulphur atom elevated over the surface. 
Roughly in the region where the blue lines come close together a saddle point on the diffusion 
path is expected. Moving along the groove the Fe adatoms would hop from one side of the 
groove to another as the positions of the S atoms to which it is attracted alternate.  
It is necessary to note that the profiles of the Figures 11 and 12 are built for a certain 
elevation above the surface. In reality during the diffusion z coordinate is not fixed and the 
height of the saddle point would change with varying the elevation of an adatom over the 
surface.    
Features of the Figure 12 are in many aspects similar to those of Figure 11. The blue lines 
run continuously along the ridge marking the region of the most probable diffusion. Diffusion 
along the x axis does not require an S2- anion to desorb and re-adsorb. The equilibrium 
positions of the S adatom are expected over the Fe atoms of the pyrite crystal to which the S 
adatom is attracted electrostatically.  
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Adatom ax /2  ay /2  az /2  minU  (eV) 
Fe2+ 1.64 1.64 0.60 -0.959 
S2- 0.547 -1.53 0.67 -0.308 
Table 9: Equilibrium positions of the Fe2+ and S2- adatoms. 
 
Adatom Diffusion direction ax /2  ay /2  az /2  pU  (eV) dE  (eV)
Fe2+ Along Y axis 1.58 1.32 0.79 -0.327 0.244 
Fe2+ Along X axis* n.a. n.a. n.a. -0.4 0.559 
S2- Along Y axis (1) 0.416 0.0 0.828 -0.234 0.074 
S2- Along Y axis (2) 0.451 -1.1 0.755 -0.218 0.09 
S2- Along X axis* n.a. n.a. n.a. -0.05 0.258 
Table 10: Saddle points of the adatoms 
(* Saddle points and energies were obtained from plot that is why it was difficult to find the 
coordinates of the saddle points.) 
  
The information about the characteristic points on the potential surface is summarized in 
the Tables 9 and 10.  The characteristic points were obtained according to the procedure 
described below. 
It is interesting to note that there are two different diffusion paths along Y axis and two 
saddle points for an S adatom. The diffusion path, which has the lowest energy, is the most 
important because it is more plausible. It was chosen as the main diffusion path for S adatom 
diffusion in the direction parallel to the grooves as the contribution of a higher energy path 
would be negligible. 
The diffusion path for an S adatom is shown in Figure 14. The explanation of such 
trajectory of the adatom is in the geometry of the crystal lattice (Figure 16a-16c). The 
equilibrium position for a sulphur anion is situated close to the Fe atom on the surface, a little 
bit outside of the ridge into the groove. The next equilibrium position is situated on the other 
side of the groove and therefore, the adatom has to cross the empty space of the groove above 
the sulphur atoms of the pairs pointing in different directions. The repulsion of the S ions that 
are both negatively charge is strong, which makes the trajectory more complex.   
The equilibrium position of the Fe adatom is above a sulphur atom of the ridge. The next 
equilibrium position is situated at the same ridge and therefore the lateral displacement of the 
Fe adatom during a hop to the next site is smaller. Diagrams that represent the trajectory and 
position of Fe and S adatoms during their surface diffusion are shown on Figure 13, 15a-15c 
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and Figure 14, 16a-16c, respectively. Figures 13 and 14 show the three dimensional trajectory 
in the Cartesian system of coordinates and Figures 15a, 15b and 15c show different views of 
the trajectory in respect to the atoms of the pyrite crystal.   
Thus, the Fe adatoms are attached to the ridge formed by the sulphur atoms slightly 
elevated above the surface. During diffusion the adatoms move from one S atom to another, 
from one side of the ridge to another but always remain at the top of the same ridge. The S 
adatoms are attached to the Fe atoms on the terminal pyrite plane. They are situated in the 
grooves and during diffusion oscillate from one ridge to another remaining in the same 
groove. The distances they have to cover are larger than those for the Fe atom diffusion.  
The diffusion activation energy  for both types of adatoms calculated using Eq. (26) is 
shown in Table 10.  It is useful to compare the obtained values with those of Rosso [6]. 
Generally, the model presented here gives smaller values of the diffusion coefficients. This 
happens due to the fact that the model interaction between Fe adatoms and S atoms above the 
surface are stronger and at the same time more physical in the proposed model. The proposed 
model gives the equilibrium distance between atoms of about 2.5 Å, suggesting a formation 
of a bond while in the Rosso’s model the potential minimum occurs only at the distances of 
about 3 Å. The reason for this different behaviour is probably in the fact that Rosso’s model 
chose low spin state for modelling. It is possible that if the zero spin is imposed on Fe 
adatom, its electrons become paired and do not form bonds with other atoms. 
dE
The diffusion coefficient calculations for Fe adatom presented in Table 11 show that Fe 
adatom has lower diffusion coefficient (Ddiff= 8.24999x10-8 cm2/s for the case of diffusion 
along Y axis, and Ddiff = 1.49606x10-12 cm2/s for the case of the diffusion along X axis) 
compared to the S adatom (Ddiff = 6.31368x10-5 cm2/s for the case of diffusion along Y axis, 
and Ddiff = 1.90995x10-7 cm2/s for the case of the diffusion along X axis). This, together with 
the results of calculation of the equilibrium potential and saddle points (Tables 9, 10 ) means 
that Fe adatom are easily adsorbed by the pyrite surface but will diffuse slowly compared to 
the S adatom, for which the equilibrium potential point is higher (-0.308 eV compared to -
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0.959 eV of iron) and diffusion activation energy is much lower (0.074 eV along Y axis 
compared  0.244 eV for the iron adatom). However, diffusion coefficients show that diffusion 
above the surface of FeS2 is rather anisotropic for both adatoms. 
Diffusion activation energy for an Fe adatom along Y axis (0.244 eV) is not much smaller 
than the diffusion activation energy for S adatom (0.258 eV) along X axis which suggests that 
Fe adatom absorbed by pyrite surface remains stable in its equilibrium position or moves 
along the most probable diffusion path (along Y axis) while S adatom tends to desorb. 
Physically this means that the {100} pyrite surfaces will be better wetted by the Fe ions or 
adatoms. During the growth of the pyrite crystals Fe is likely to adhere to the surface first 
creating a possibility for S adsorption. S atoms or ions tend to bind to the surface very weakly 
and remain very mobile.   
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Figure 15a. Side view from xz-plane perspective of the trajectory of an Fe adatom above the 
pyrite surface). The blue ball show the  Fe adatom in a  saddle point, the  green ball stands 
for an adatoms in equilibrium position. Note that the trajectory is confined to one S2ridge.  
 
 
Figure 15b. Side view from yz-plane perspective Trajectory of an Fe adatom above the 
pyrite surface. The blue ball represents the Fe adatom in a saddle point, the green ball is for 





Figure 15c. Top view of the trajectory of Fe adatom above the pyrite surface. The blue ball 




Figure 16a. Side view from yz-plane perspective of the trajectory of an S adatom diffusion 
above the pyrite surface. The blue balls represent the saddle points, green ball – equilibrium 
position of S adatom. 
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Figure 16b. Side view from xz-plane perspective of the trajectory of an S adatom diffusion 
above the pyrite surfac . The blue balls represent the saddle points, the green ball stands for 
the equilibrium position. 
 
 
Figure 16c. Top view of the trajectory of an S adatom diffusion above the pyrite surface. 






5.5. Adatoms adsorbed at the steps as surface defects. 
 
Steps are the most common surface defects. Conventional idea about the grows of 
materials outline the hierarchy of the speed of the elementary grows processes. Traditionally a 
kink is a place for a new atom to incorporate into a crystal. The growth of a kink creates steps 
which is much slower process. Usually, the atoms are adsorbed at the surface, migrate to the 
steps and then along the steps to find a kink. The plane by plane growth is the slowest 
process. Therefore, the behaviour of the adatoms at the steps is of great importance to 
understanding the growth of the crystals in general and pyrite in particular.  
There are four possible kinds of step defects on the surface of the pyrite crystal: 
- A step along the groove (y axis) formed by sulphur and iron atoms with sulphur pairs 
pointing downwards (Step 1) shown in Figure 17; 
 
- A step along ridge of sulphur atoms (y axis) that is formed by sulphur and iron atoms 
with sulphur pairs protruding upwards (Step 2) shown in Figure 18; 
 
- A step along x axis perpendicular to the groove that is formed by sulphur and iron 
atoms with sulphur pairs pointing downwards (Step 3) shown in Figure 19; 
 
- A step along x axis that is formed by sulphur and iron atoms with sulphur pairs 
protruding upwards (Step 4) shown in Figure 20; 
 
The step 1 is a closed kind of a step. A succession of such steps forms a {210} surface of 
the pyrite crystal, which is as wide spread in natural pyrite as {100} faces and therefore is the 
most stable. Other kind of steps should be less stable, grow faster and would be less 
encountered. 
While in the case of the step 1 the ridges over the surface are intact, the step 2 is formed 
when last ridge on the upper plane is cut in the middle. As the result the step consists of a 
half-ridge. This kind of open step may occur during the pyrite growth. 
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Figure 17. The view of the step parallel to the grooves of the type denoted “Step 1”. 
 
 
Figure18. The view of the step parallel to the grooves denoted “Step 2”. 
 
 
Figure 19.The view of a step perpendicular to the grooves and the ridges denoted  “Step 3”. 
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Figure 20. The view of another kind of the step perpendicular to the grooves and the ridges 
denoted “Step 4”. 
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S/No Defect X, a/2 Y, a/2 Z, a/2 EV 
Fe2+ on the upper plane 
1 Step 1 1.41 -0.6 1.79 -0.943 
2 Step 2 1.05 0.19 1.02 -1.073 
3 Step 3 -0.24 0.97 0.93 -1.09 
4 Step 4 -0.69 -0.31 1.55 -1.06 
Fe2+ on the lower plane 
5 Step 1 -0.032 -1.36 0.826 -1.127 
6 Step 2 -0.41 -1.41 0.79 -0.96 
7 Step 3 -0.588 -0.41 0.79 -0.97 
8 Step 4 1.5 0.567 0.79 -0.99 
S- on the upper plane 
9 Step 1 0.08 -0.15 0.94 -0.45 
10 Step 2 2.455 -0.49 1.68 -0.32 
11 Step 3 0.968 1.05 0.97 -0.42 
12 Step 4 0.62 -1.99 1.87 -0.22 
S- on the lower plane 
13 Step 1 -1.547 -0.53 0.67 -0.31 
14 Step 2 0.46 -0.54 0.67 -0.33 
15 Step 3 0.57 0.46 0.68 -0.3 
16 Step 4 0.537 0.45 0.67 -0.34 
Table 12. Equilibrium positions for Fe2+ and S2- adatoms on the lower and the upper planes 
of various steps. The deepest energy wells are highlighted in grey. 
 
For the calculations of the equilibrium position the Fe or S adatoms were placed on lower 
and upper planes close to the onset of the highest plane and were allowed to relax in the 
potential the interaction with all neighbouring atoms of both planes. In order to choose the 
initial positions of the adatoms the potential profiles in the regions close to the steps were 
calculated similar to the flat surface case. These profiles are shown in Figures 23, 26, 29, 32, 
35, 38, 41 and 44 respectively. The profiles were calculated for the elevation z = a above the 
surface. The elevation is rather high, therefore the profiles only roughly indicate the probable 
positions of the adatoms attached to the step. As the elevation is equal to two half periods of 
the pyrite crystal lattice only the upper plane of the step produces any structure. Equilibrium 
positions for Fe2+ and S2- adatoms and their respective energies are listed in the Table 12. 
Near the step, there are several different local minima for the adatoms. As the adatom 
approaches the step there are local equilibrium positions on the lower plane, on the upper 
plane and in the immediate vicinity to the step. Naturally, these different minima have 
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different energy, in some of them the adatoms are bounded to the surface stronger than in the 
others. In Table 12 the deepest minima and thus the most suitable positions for the adatoms 
are highlighted in grey.  These optimal adatom positions are gathered in Table 13. 
S/No Ion Defect Coordinates of the equilibrium point, 
a/2 
Potential (eV) 
1 Fe2+ Step 1 (-0.32, -1.36, 0.826) - 1.127 
2 Fe2+ Step 2 ( 1.05, 0.19, 1.02) -1.073 
3 Fe2+ Step 3 (-0.24, 0.97, 0.93) -1.09 
4 Fe2+ Step 4 ( -0.69, -0.31, 1.55) -1.06 
5 Fe2+ Flat surface (1.64, 1.64, 0.60) -0.959 
6 S2- Step 1 (0.08, -0.15, 0.94) -0.45 
7 S2- Step 2 (0.46, -0.54, 0.67) -0.33 
8 S2- Step 3 (0.968, 1.05, 0.97) -0.42 
9 S2- Step 4 (0.537, 0.45, 0.67) -0.34 
10 S2- Flat surface (0.547, -1.53, 0.67) -0.308 
Table 13. Equilibrium positions for Fe2+ and S2- adatoms. 
 
The pictures built for each particular minimum and each particular step illustrate the 
positions of adatoms in the deepest potential minimums near the surface.  
A Fe2+ adatom (Figures 21, 22 and 23) on the Step 1 is located above the border of the 
ridge formed by sulphur atoms of the lower plane. It is shifted towards sulphur atoms that 
belong to the step. Step 1 defects’ sulphur atoms significantly affect the equilibrium position 
of the adatom because of the high attractive potential between sulphur atoms and Fe2+ 
adatom. Significant repulsion forces between iron atoms and Fe2+ adatom do not allow the 
adatom to join the surface somewhere above or near to the step. However the potential of the 
Fe2+ adatom is the lowest among other cases because the adatom is located quite close to the 
sulphur atoms that are forming the step. 
Basically the Fe adatom is located where the next groove is going to appear during the 
process of the crystal growth. Its energy in the equilibrium position is about 0.2 eV lower than 
in equilibrium positions on the surface or above the step, which provides for the additional 
stability for the adatom and a barrier for the detachment from the step.   
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Figure21. Side view from xz-plane 
perspective to Fe2+ adatom position. 
Figure22. Side view from yz-plane 
perspective to Fe2+ adatom position. 
 
Figure 23 Potential profile above the “Step 1” defect. 
 
A Fe2+ adatom on the Step 2 (Figures 24, 25 and 26) is located at the top of the ridge 
formed by sulphur atoms, non-significantly shifted away from the step because of repulsive 
interactions with iron atoms of the step edge. The potential minimum is quite low compared 
to the potential minimum of the adatom above the flat surface because of attractive 
interactions with bigger quantity of the sulphur atoms. Figures 24 and 25 shows that adatom 
joins the surface in such position where the next row is going to appear during the process of 
the crystal grows. Its equilibrium position is about 0.12 eV lower then equilibrium positions 
on the flat surface. The deeper potential well for the adatom means stronger attraction and 
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smaller mobility. As we see, in both cases of the steps parallel to the grooves and ridges, the 
Fe adatom is likely to stick to the step.    
Figure 24 Side view from xz-plane 
perspective to Fe2+ adatom position. 
Figure 25 Side view from yz-plane 
perspective to Fe2+ adatom position. 
 
Figure 26. Potential profile above the “Step 2” defect. 
 
A Fe2+ adatom on the Step 3 (Figures 27, 28 and 29) is located on top of the ridge formed 
by sulphur atoms, displaced along Y axis towards the step and displaced along X axis towards 
the nearest sulphur atoms which are forming the step. This happens because of the 
electrostatic attraction between sulphur atoms and the iron adatom. However, iron atoms, 
forming the step repel the Fe2+ adatom that is why the adatom cannot move closer to or above 
the step defect. The potential of the equilibrium point is lower than the potential observed in 
Step 1 case, but slightly above the potential of equilibrium point in Step 2 case. As compared 
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to the surface equilibrium potential, the potential minimum of the adatom near to the Step 3 is 
lower by about 0.14 eV, which suggests that adatom is likely to adsorb near to the step than 
on the surface.  
Figure27. Side view from xz-plane 
perspective to Fe2+ adatom position. 
 
Figure 28. Side view from yz-plane 
perspective to Fe2+ adatom position. 
Figure 29. Potential profile above the “Step 3” defect. 
 
A Fe2+ adatom on the Step 4 (Figures 30, 31 and 32) is located on the upper plane on top 
of the edge of the incomplete ridge formed by sulphur atoms, insignificantly shifted along Y 
axis towards the step and slightly shifted along a axis towards the nearest sulphur atom of the 
step. Such position can be explained by the strong attractive interactions between sulphur 
atoms on the surface, sulphur atoms of the step (especially on the step edge) and iron adatom. 
 68
Iron atoms forming the step repel the adatom electrostatically preventing the adatom from 
further approaching the step. The potential of the equilibrium position is quite low and 0.1 eV 
lower than potential minimum of the adatom above the flat surface. Similar conclusions can 
be made about this case of adsorption as in the other three cases mentioned above. Yet in this 
case the adatom is mostly attracted to one particular sulphur atom. 
Figure 30. Side view from xz-plane 
perspective to Fe2+ adatom position. 
Figure 31. Side view from yz-plane 
perspective to Fe2+ adatom position. 
 
Figure 32. Potential profile above the “Step 4” defect. 
 
A S2- adatom on Step 1 (Figures 33, 34 and 35) is located almost above the ridge formed 
by sulphur atoms, protruding from the both sides on the surface of the pyrite crystal. In the 
case of the flat pyrite surface the equilibrium position of the S adatom was in the groove. 
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Closer to the step the adatom does not fit the groove well and is therefore slightly higher. In 
this situation the S adatom is attracted by the Fe atoms of the lower plane and a Fe atom of 
the step. At the same time the S atoms of the step repel the adatom, not allowing it to fit the 
pocket of the groove.   The energy of the adatom in the equilibrium is by 0.15 eV lower than 
for equilibrium positions on the flat surface due to the interaction with larger number of Fe 
atoms of the pyrite crystal.    
Figure 33. Side view from xz-plane 
perspective to S2- adatom position. 
Figure 34. Side view from yz-plane 
perspective to S2- adatom position. 
 
Figure 35. Potential profile above the “Step 1” defect. 
  
A S2- adatom on the step 2 (Figures 36, 37 and 38) is located in the grove formed by 
sulphur atoms, protruding from the both sides on the surface of the pyrite crystal. S atoms of 
 70
the step do not affect adatom location in the groove as they are located farther leaving large 
enough pocket for the adatom to fit in.  The potential of the equilibrium point is almost equal 
to the potential of the adatom above the flat surface. All this suggests that adatom will be 
adsorbed near to the Step 2 with the similar probability as in case of the flat surface. 
Figure 36. Side view from xz-plane 
perspective to S2- adatom position. 
Figure 37. Side view from yz-plane 
perspective to S2- adatom position. 
 
Figure 38. Potential profile above the “Step 2” defect. 
 
A S2- adatom on the step 3 (Figures 39, 40 and 41) is located above the grove that is 
formed by sulphur atoms, protruding from the both sides on the surface of the pyrite crystal. 
Atoms of the step defect affect adatom position in the groove.  The adatom position is above 
the usual position found in case of adatom – flat surface interactions. The potential of the 
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equilibrium point is 0.12 eV lower than the potential of the adatom – flat surface case. This 
case somewhat similar to the case of S2- adatom - Step 1 interactions, and similar conclusions 
can be drawn. 
Figure 39. Side view from xz-plane 
perspective to S2- adatom position. 
Figure 40. Side view from yz-plane 
perspective to S2- adatom position. 
 
Figure 41. Potential profile above the “Step 3” defect. 
 
A S2- adatom on the step 4 (Figures 42, 43 and 44) is located in the grove formed by 
sulphur atoms, protruding from the both sides on the surface of the pyrite crystal. Atoms 
forming the step do not affect adatom location in the groove. Potential of the equilibrium 
point is almost equal to the potential of the adatom above the flat surface. Neither location nor 
potential is affected by interactions with the sulphur atoms, which are forming step defect and 
pointing towards the adatom because they are located too far. Similar conclusions can be 
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made as in case of adatom – Step 2 interactions. The difference between the step 3 and step 4 
is in the position of the utmost S atoms of the step. In the case of step 3 these atoms point 
down from the Fe atoms of the step, while in the case 4 the utmost S atoms point up. In the 
case of the S atoms pointing down the adatom is necessarily pushed away from its usual 
position in the groove. At the same time it moves closer to the Fe atom of the step and 
therefore the energy minimum for such adatoms become lower. In the case of the step 4 the 
sulphur atom of the ridge is far away and thus the position of the S adatom in the groove is 
affected only slightly.  
Figure42. Side view from xz-plane perspective to 
S2- adatom position. 
Figure43. Side view from yz-plane perspective 
to S2- adatom position. 




CHAPTER 6. CONCLUSION ON PYRITE GROWTH MECHANISMS, DIFFUSION 
ACTIVATION ENERGY, DIFFUSION PATH AND THEIR DEPENDENCY ON 
SURFACE DEFECTS. 
 
In this work, a new potential model of FeS  interaction with Fe and S adatoms was derived 
and applied to the simulation of the surface diffusion of these adatoms above the {100} plane. 
As the result, the potential profiles of adatoms over the pyrite crystal {100} surface (see 
Figures 11, 12, 23, 26, 29, 32, 35, 38, 41 and 44) were obtained, the equilibrium positions of 
the adatoms over the flat surface and steps were determined (Table 13) as well as the 
diffusion activation energies and diffusion coefficients (Table 11) for Fe  and S  adatoms. 
Based on this data we can make following observations:  
2
2+ 2-
Fe adatoms adhere to the surface better than S adatoms but diffuse slower. The 
diffusion coefficient calculations for Fe adatom presented in Table 11 show that Fe adatom 
has lower diffusion coefficient (D= 8.24999x10-8 cm2/s for the case of diffusion along Y 
axis, and D= 1.49606x10-12 cm2/s for the case of the diffusion along X axis) compared to the 
S adatom (D= 6.31368x10-5 cm2/s for the case of diffusion along Y axis, and D= 
1.90995x10-7 cm2/s for the case of the diffusion along X axis). This, together with the results 
of calculation of the equilibrium potential and saddle points (Tables 9, 10) means that Fe 
adatom are easily adsorbed by the pyrite surface but will diffuse slowly compared to the S 
adatom, for which the equilibrium potential point is higher (-0.308 eV compared to -0.959 eV 
of iron) and diffusion activation energy is much lower (0.074 eV along Y axis compared 
0.244 eV for the iron adatom). However, diffusion coefficients show that diffusion above the 
surface of FeS  is rather anisotropic for both adatoms. Diffusion activation energy for an Fe 
adatom along Y axis (0.244 eV) is not much smaller than the diffusion activation energy for S 
adatom (0.258 eV) along X axis which suggests that Fe adatom absorbed by pyrite surface 
remains stable in its equilibrium position or moves along the most probable diffusion path 
(along Y axis) while S adatom is more likely to desorb. Physically this means that the {100} 
pyrite surfaces will be better wetted by the Fe ions or adatoms. During the growth of the 
2
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pyrite crystals Fe is likely to adhere to the surface first creating a possibility for S adsorption. 
S atoms or ions tend to bind to the surface very weakly and remain very mobile. 
Anisotropy of the diffusion. The diffusion path of Fe  and S  adatoms is along Y axis 
and does not contradict the theoretical assumptions about possible surface diffusion path 
along the ridges that are formed by S atoms of crystal lattice.  
2+ 2-
The diffusion is a surface diffusion. The potential profiles (Figures 11, 12) suggest that 
diffusion of the adatoms above the surface of pyrite is a surface diffusion because adatoms are 
not desorbing from the surface of the crystal during diffusion along the most probable 
diffusion paths.   
Steps provide deeper potential wells for adatoms. The equilibrium position energies at 
steps (Table 12) suggest that steps attract adatoms more than the surface. Fe adatoms have 
lower equilibrium position potential compared to S adatoms.  
Different approach rates for different kinds of steps. Some steps however, attract 
adatoms more than others. Steps 1 and 2 which are parallel to the main diffusion path along 
the ridge are likely to grow slower than the Steps 3 and 4, which are perpendicular to the 
ridge. This is because in the case of the steps, perpendicular to Y axis there are many 
“highways” (most probable surface diffusion paths along the ridges), compare to the case 
when step is parallel to the Y axis and there are many “secondary roads” (least probable and 
slow diffusion paths along X axis) and only one diffusion path along Y axis. Also stable 
closed steps (like Steps 1 and 3, Figures 17, 19) attract atoms stronger than the open and less 
stable steps, like Steps 2 and 4, Figures 18, 20. One can see this especially on the example of 
S adatom, which has the lowest equilibrium position energy on the step 1 and step 3, while 
step 2 and step 4 energies are only slightly lower than equilibrium position potential above 
the flat surface. Situation is almost the same with a Fe adatom however, the difference in 
energies between closed steps (step 1 and 3) and open steps (step 2 and 4) is smaller. The 
example with S adatom also shows the importance of adsorbed Fe adatoms on the surface, 
which help to adsorb S adatoms. 
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The growth of the pyrite could be the energy source for the fixation and 
polymerisation of CO  on its surface. The growth of FeS  crystal is possible without 
consumption the energy from outside. The adatoms are adsorbed by the surface easily that 
suggests that the chemical reaction between adatoms and surface atoms can be exergonic. The 
polymerisation of the CO  could trigger an autocatalytic metabolism which initially will be 
confined into two-dimensional monomolecular level. This process according to 





CHAPTER 7. FUTURE WORK.     
The future work will include the study of the behaviour of the various adatoms in the 
presents of adsorbed particles on the FeS2 surface, adsorption of simple molecules like CO2, 
H2O, H2S and the polymerisation of the CO2 on pyrite crystal surface. These research works 
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Appendix A.  Samples of Gaussian98 input files.  
 




 #  uhf/3-21g scf=qc 
 
 Title Card Required 
 
 0  1 
 S1 0 zero zero zero  
 Fe1  0 -elev halfminus elev                
 S2 0 half half zero  
 Fe2  0 elev halfplus -elev   
 Fe3  0 halfminus elev elev   
 S3 0 X1 Y1 Z1 
  Variables: 
 zero 0.0  
 half 2.71  
 elev 0.62  
 halfplus 3.33  
 halfminus  2.09 
 X1 1.0 
 Y1 1.6  
 Z1 2.1 
 




 #  uhf/3-21g scf=qc 
 
 Title Card Required 
 
 0  1 
 S1 0 zero zero zero  
 S2 0 -elev halfminus elev                
 S3 0 half half zero  
 Fe1 0 elev halfplus -elev   
 Fe2 0 halfminus elev elev   
 S4 0 X1 Y1 Z1 
  Variables: 
 zero 0.0  
 half 2.71  
 elev 0.52  
 halfplus 3.33  
 halfminus  2.0 
 X1 1.0 
 Y1 1.6  
 Z1 2.1 
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Appendix B.  
 
Plot of the Buckingham potential equation with and without parameter D. 
 
 
Figure B1. Plot of the Buckingham potential equation with parameter D (green line) and 
without parameter D (red line). 
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